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ABSTRACT 
ABSTRACT 
The first objective of this study was to characterise the eye movement response to 
maintained surface galvanic vestibular stimulation (GVS) for a population of normal 
healthy human subjects, and with a range of stimulus and environmental conditions. Over 
20 pilot investigations were used to identify the most important issues regarding the 
variability, reliability, linearity, side-side symmetry, anode-cathode symmetry, and 
additivity of the oculomotor response to various unilateral and bilateral anodal and 
cathodal surface galvanic stimuli ranging from 1 to 5mA and maintained for hundreds of 
seconds. These issues were formally addressed using experiments conducted at the 
Vestibular Research Laboratory- School of Psychology- University of Sydney, presented 
at various conferences, and published in refereed journals. 
The second main objective was to develop methods and equipment required to deliver 
galvanic stimulation, and to measure oculomotor responses, that are suitable for 
application in clinical as well as in basic research environments. We are now able to 
deliver galvanic currents large enough to generate reliable oculomotor responses without 
the pain or risk of injury characteristic of previous methods. We have also developed an 
eye movement analysis system that is considerably simpler, smaller, lighter, cheaper, 
faster, and more accurate, than those previously available. 
The third objective was to compare the eye-movement response of normal subjects and of 
patients with various types of known vestibular dysfunction in order to assess the utility of 
clinical testing using maintained surface GYS. For this purpose 20 patients who were 
diagnosed using traditional clinical methods were tested at the Eye and Ear Research Unit, 
Department of Neurology, Royal Prince Alfred Hospital, and their responses to GYS 
compared with those of normals and with the predictions from an heuristic model of GYS 
action based on our understanding of the normal responses above. Patient responses were 
found to be consistent with predictions of the model and with our assumptions regarding 
the action of GYS. 
The question of how and where GYS acts is fundamental, especially to enable the 
diagnostically useful interpretation of patient responses, but has remained controversial for 
many years. The results of these studies combine with our evidence from the postural and 
perceptual responses of humans and from the postural, eye-movement, and primary 
afferent responses in animal models, to build an argument for our conclusion that 
maintained surface GYS tends to stimulate all vestibular sensory regions similarly. 
Our final objective was to come to a conclusion about the utility of maintained surface 
galvanic stimulation for vestibular testing in the basic research and clinical environments. 
We have been able to demonstrate that maintained surface GVS produces systematic eye 
movements with components that can be attributed to specific vestibular end organs. 
Although a lack of a particular response component does not necessarily implicate 
vestibular dysfunction (because of the variability in the responses of normal healthy 
subjects) the presence of an eye-movement response to GVS does indicate the function of 
everything upstream from the site of activation. Developments in 3-D eye-movement 
recording systems and GVS delivery methods may provide indicators of remaining 
vestibular function, of asymmetry in response from each labyrinth, and of vertical 
responses from an imbalance of anterior and posterior canals, all of which would be useful 
in a clinical, diagnostic and/or therapeutic setting. 
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CHAPTER 1: lntrodJ.!Ciion 
CHAPTER 1: INTRODUCTION 
1.1 BACKGROUND 
This project began in 1998 when it was realised that a new test of vestibular (and in 
particular otolith) function might follow from a combination of improved galvanic 
stimulation and eye-movement analysis techniques. 
Associate Prof. Jim Colebatch and Dr Shaun Watson at the Institute of Neurological 
Sciences- Prince of Wales Hospital had developed a method for delivering high amplitude 
maintained galvanic vestibular stimulation via large surface electrodes without the 
discomfort characteristic of previous methods. Prof. Ian Curthoys at the School of 
Psychology, Steven Moore, Steven McCoy and Terry Jordan at the School of Electrical 
Engineering - University of Sydney had developed an accurate video-based eye-movement 
analysis system capable of measuring the torsional eye-position responses characteristic of 
otolith stimulation. 
A project was therefore undertaken to test the human eye-movement (EM) response to 
maintained surface galvanic vestibular stimulation in normal human subjects. This project 
evolved into this thesis on the human eye-movement response to maintained surface 
galvanic vestibular stimulation. 
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1.2 GALVANIC VESTIBULAR STIMULATION (GVS) 
For some 200 years, galvanic stimulation has been applied as a useful tool to investigate 
functional vestibular responses in human and animal subjects. A great many researchers 
have used galvanic vestibular stimulation (GVS) since the late 18th century, when Volta 
applied current across his head and reported feeling dizzy (Sekitani & Tanaka, 1975). 
Many early human studies concentrated on the perceptual and postural effects produced by 
GVS (R. Fitzpatrick, Burke, & Gandevia, 1994), but recent studies have focused on the 
oculomotor responses that are also generated by galvanic stimulation. 
Most studies in this field have used bilateral bipolar stimulation of both vestibular 
labyrinths at the same time. This can be done by applying positive current (anodal) to an 
electrode over one mastoid (the bone directly behind the ear), and applying a negative 
current (cathodal) to an electrode over the other. It is also possible (but much less 
common) to use unilateral monopolar stimulation of only one vestibular system at a time. 
This can be achieved by applying either cathodal or anodal current to an electrode over one 
mastoid, and the opposite current to another indifferent electrode at a site not related to the 
vestibular system, such as the back of the neck or the forearm. Bilateral, monopolar 
stimulation can also be delivered using either cathodal or anodal current to both of the 
electrodes over the mastoid processes and the opposite polarity to the indifferent electrode. 
Current can be delivered using various waveforms including brief pulses or spikes, 
sinusoidal oscillations (alternating current - AC) maintained square waves (direct current-
DC), etc. Stimulation via non-invasive electrodes placed on the skin is known as surface 
GVS in contrast with the technique of passing current via electrodes surgically inserted 
into nerves or implanted in contact with sensory structures. 
Even after many years, the underlying physiological mechanisms that produce the postural 
and oculomotor responses to GVS are poorly understood. Studies in animals have shown 
that cathodal GVS via electrodes in direct contact with perilymph activates vestibular 
afferents and anodal GVS inhibits them (Goldberg, Smith, & Fernandez, 1984). 
Irregularly firing afferents show higher sensitivity to galvanic stimulation than regularly 
firing afferents (Goldberg et al., 1984). There is, however, no differential sensitivity 
between the afferents innervating the different vestibular sensory regions to current 
delivered via surgically implanted electrodes (Goldberg et al., 1984; Kim et al., 2003; 
Kleine & Grusser, 1996). The population of vestibular afferents activated by galvanic 
stimulation via surface electrodes is, as yet, undetermined, but there is evidence to suggest 
that surface GVS also activates all vestibular afferents. 
The behaviours that researchers have historically observed with respect to GVS are 
postural responses, ocular nystagmus and pain (H. MacDougall, Brizuela, Burgess, & 
Curthoys, 2002). The variability of the first two responses along with the noxious 
character of early methods of stimulation led many researchers to conclude that GVS was 
not going to provide the diagnostic test for which they were searching. Recently, however, 
several studies have shown that GVS causes a reliable oculomotor response including 
ocular torsion position (OTP) changes (Watson, Brizuela et al., 1998; Zink, Bucher, Weiss, 
Brandt, & Dieterich, 1998). The galvanically induced change in OTP also caused a 
significant change in the perception of orientation; the magnitude and direction of this 
change parallelled the magnitude and direction of the GVS. Watson et al., (1998) and 
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others have also shown that reliable oculomotor responses can be obtained without 
producing pain. 
The observations of reliable eye-movement responses to GVS, and improvements in the 
methodology of stimulus delivery have led to a recent surge in the study of GVS as a 
potential clinical test (e.g. de Waele- personal communication, Colebatch et al., 1998; H. 
MacDougall et al., 2002; H. MacDougall, Brizue]a, & Curthoys, 2003; Watson, Fagan, & 
Colebatch, 1998). Many research groups are now also employing GVS as a research tool, 
for example in the attempt to study vestibular responses using functional magnetic 
resonance imaging (fMRl) (Bense, Stephan, Yousry, Brandt, & Dieterich, 2001; Lobel, 
Kleine, Bihan, Leroy-Willig, & Berthoz, 1998; Lobel et al., 1999). 
GVS is also fast becoming a common source of evidence for vestibular modelling (e.g. 
Glasauer, Dieterich, & Brandt, 1998; Glasauer, Dieterich, & Brandt, 1999), despite the fact 
that mechanisms are sometimes inferred from a simplistic comparison of eye-movement 
responses to GVS with the response to the 'natural' stimulation of a subset of vestibular 
endorgans. 
This surge in the study of GVS indicates that after 200 years of curiosity, the stimulus may 
now be developing into a useful tool for the investigation of vestibular function. However, 
this utility depends on the answers to many questions that are only now being asked, 
answers that may yet undo the reputation of the stimulus as unreliable or unpredictable. 
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1.3 MAINTAINED SURFACE GVS IN THE LITERATURE 
A broad range of questions has been asked and some answers presented in the literature on 
galvanic vestibular stimulation. 
A great deal of work has been done on the single-unit, postural, and eye-movement 
response in animal models. These studies go a long way towards explaining underlying 
physiology but cannot tell us everything about the alert human response to surface GVS 
because of the species differences, use of anaesthetics, and current delivery via surgically 
implanted electrodes (often in direct contact with sensory structures). 
The paper by Goldberg et al. (1984) on 'the relation between discharge regularity and 
response to externally applied galvanic currents in vestibular nerve afferents of the squirrel 
monkey' is arguably the most influential paper on the single-unit response to GVS in an 
animal model. Galvanic current was applied externally with respect to the sensory hair 
cells but was internal to the perilymphatic space - unlike the delivery of current via 
electrodes external to the surface of the skin used in alert human studies. Five-second 
current steps and 50f.Ls pulses delivered to anesthetised squirrel monkeys produced results 
that ''were similar regardless of which end organ an afferent innervated". Differences in 
sensitivity to galvanic stimulation were found between irregularly firing afferents (more 
sensitive) and regularly firing afferents (less sensitive) but the various vestibular sensory 
regions are similarly innervated by afferents with both types of discharge pattern. 
A paper by Minor et al. (1991) on the vestibular-nerve inputs to the vestibulo-ocular reflex 
in squirrel monkey capitalised on the high sensitivity of irregularly firing afferents by 
silencing them with large bilateral anodal current and testing for the effect on oculomotor 
responses to angular acceleration. They found that the vestibular ocular reflex to 
sinusoidal head rotations in yaw or pitch, and to rapid changes in angular velocity, were 
unaffected by the functional ablation of the irregular afferents and so concluded that 
irregular primary afferents do not contribute to the angular VOR. 
The Goldberg et al. (1984) paper also presented evidence for the site of action of galvanic 
currents at the spike trigger zone of primary vestibular afferents by excluding other 
possible influences on the sensory transduction process. They excluded the possibility of 
physical displacement of the cupula which would produce responses much slower than 
those from GVS, and of the otolithic membrane that would produce inhibition and 
excitation of cells on opposite sides of the striola rather than the global excitation 
(cathodal) or inhibition (anodal) characteristic of GVS. An effect on the hair cells proper 
was excluded by a lack of reversal in response to cathodal current delivered via the 
perilymph (excitatory) or endolymph (inhibitory). The latency of response in primary 
afferents to GVS pulses is also too short to be mediated by chemical transduction from the 
sensory hair cells. 
GVS action beyond the spike trigger zone was also excluded in Goldberg et al. (1984) 
using further evidence. Inhibition by large-amplitude head acceleration could cancel 
excitation by galvanic stimulation that would be unaffected if it were generated further 
'down stream'. The fact that GVS can modulate firing rate without affecting afferent 
regularity also suggests that it acts at the same spike trigger site that generates regular or 
irregular spontaneous discharge, in that stimulation at another site 'down stream' would 
not be affected by the synaptic noise thought to cause irregular firing patterns. The authors 
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also site a number of characteristics of the afferent response to short pulses of current that 
are characteristic of the specialised spike trigger site but not of general stimulation of the 
myelinated axon. 
In humans, postural responses such as body-sway and EMG have been studied extensively. 
These studies tell us a great deal about the action of GVS on the vestibulocollic and 
vestibulo-spinal reflexes. 
Subjective perceptual responses to GVS have been difficult to test and to interpret because 
they are affected by so many other sensory and higher level inputs. 
The oculomotor responses to vestibular stimulation or VORs provide arguably the most 
specific indirect indicator of vestibular function and form the basis for many established 
clinical diagnostic tests. An experimental analysis of the eye-movement response to 
vestibular stimulation by galvanic current has been delayed because it has been difficult to 
deliver currents large enough to generate measurable eye-movement responses without 
causing pain and to accurately measure three dimensional (3-D) eye position and velocity 
responses over long periods using safe, non-invasive and electrically isolated techniques. 
Many of the eye-movement analysis methods employed have been unsuitable because: 
they only measure one or two dimensions of the response (i.e. differential corneal and 
scleral reflection methods), they are contaminated by artefacts from electrical stimulation 
(e.g. electro-oculography - EOG), or are unstable over long periods (i.e. slippage of the 
contact lens during scleral search coil measurements). The delivery of higher amplitudes 
of maintained galvanic current using large-surface-area electrodes and the measurement of 
eye movements using video image analysis is now providing a new opportunity to answer 
some of the questions posed in the literature and addressed here. 
1.3.1 THE NORMAL EYE-MOVEMENT RESPONSE TO GVS 
Although it may seem amazing after such a long history, a clear description of the human 
eye-movement response to maintained surface galvanic vestibular stimulation has yet to be 
established. Much of the controversy in the literature regarding the directions, magnitudes, 
and temporal characteristics of various position and velocity components of the response 
probably follows from the methodological differences between studies. Eye movement 
analysis methods have developed a great deal over recent years, and conclusions about 
eye-movement responses have changed, even within particular laboratories, nearly as fast 
as changes in the capability of their equipment. Some years ago horizontal eye-movement 
responses including nystagmus were discussed because eye movement measurement was 
restricted to the horizontal dimension. Later torsional eye-movement responses were 
stressed because eye movement analysis systems could measure torsion, but were only 
reliable while subjects stared straight ahead, often at a fixation point which would be 
expected to suppress horizontal and vertical components of the galvanic induced 
oculomotor response. Recent studies have observed complex 3-D eye-movement 
responses in position and velocity because video-oculography can now measure all the 
components of eye-movement responses, without visual fixation, for extended periods and 
at rates that permit the calculation of slow-phase eye velocity. This ability to accurately 
assess slow-phase velocity responses at various sample rates will be specifically addressed 
in section 2.3.2. 
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A number of the basic characteristics of the eye-movement response to surface GVS have 
been described in the literature, but presumably as a result of the problems mentioned 
above, little general consensus can be found. The fact that various experimental 
paradigms, galvanic stimulus conditions, and response measurement techniques can 
produce various conclusions is shown by a comparison of some recent papers, even from 
the same authors and research groups: 
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Table 1: A range of questions addressed, methods used, and conclusions drawn by 
some of the papers in the literature on the human eye-movement response to GVS 
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1.4 AIMS OF THIS THESIS 
This study aims to investigate the human eye-movement response to maintained surface 
galvanic vestibular stimulation. 
The specific experimental aims are: 
1) To characterise the eye-movement response to maintained surface GVS for a 
population of normal healthy subjects, and with a range of stimulus and 
environmental conditions. 
2) To compare the eye-movement response of normal subjects and ofpatients with 
various types of known vestibular dysfunction in order to assess the utility of 
clinical testing using maintained surface GVS. 
3) To develop the methods and equipment required to deliver galvanic stimulation 
and to measure oculomotor responses, that are suitable for application in the 
clinical as well as basic research environments. 
4) To develop an understanding of how and where maintained surface GVS acts 
by combining evidence from the perceptual, eye movement, postural, and 
primary afferent responses in human normals, patients, and animal models. 
5) To reach a conclusion about the utility of maintained surface galvanic 
stimulation for vestibular testing in the basic research and clinical 
environments. 
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1.5 THESIS TIMELINE AND STRUCTURE: 
1998 
Testing and publication of the initial study: 'Maintained Ocular Torsion produced by 
Bilateral and Unilateral GVS in Humans'- presented in Chapter 2. 
1999 
Concentrated on the ongoing development of the eye movement system to measure 3-D 
eye position and slow phase velocity responses in real time (25-50Hz) - presented in the 
Appendix A3. 
2000 
Preliminary investigations of the response to maintained surface GVS in order to identify 
the important features of the galvanic stimulus, the other environmental influences on the 
oculomotor response (that must be controlled for), and the questions most urgently in need 
of empirical investigation. The results of these preliminary investigations are presented in 
Appendix A 1. 
2001 
Testing and publication of the normal human oculomotor response to GVS including: 
'Between-Subject Variability and Within-Subject Reliability of the Response to Bilateral 
GVS' - presented in Chapter 3, and, 'Linearity, Symmetry And Additivity Of The Eye-
movement response To Maintained Surface GVS' - presented in Chapter 4. 
2002 
Testing, modelling and publication of the '3-D Eye-Movement Responses to Surface 
Galvanic Vestibular Stimulation in Normals and Patients'- presented in Chapter 5. 
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CHAPTER2: MAINTAINED OCULAR TORSION PRODUCED BY 
BILATERAL AND UNILATERAL GVS IN HUMANS: 
2.1 INTRODUCTION 
9 
Our analysis of the human eye-movement response to maintained surface galvanic 
vestibular stimulation began with a series of experiments in 1998 to assess the maintained 
ocular torsion produced by bilateral and unilateral galvanic (DC) vestibular stimulation. 
These experiments form the basis of the following publication: 
Watson, S. R., Brizuela, A. E., Curthoys, I. S., Colebatch, J. G., MacDougall, H. G., & 
Halmagyi, G. M. (1998). Maintained ocular torsion produced by bilateral and 
unilateral galvanic (DC) vestibular stimulation in humans. Experimental Brain 
Research, 122(4), 453-458. 
CONTRIBUTIONS 
The Experimental Design and Rationale were developed by Shaun Watson, Agatha 
Brizuela, Ian Curthoys, Jim Colebatch, Hamish MacDougall and Michael Halmagyi. 
Development of the Galvanic Stimulation Methods and Apparatus was done by Jim 
Colebatch and Ian Curthoys. 
Development of the perceptual testing apparatus was done by Hamish MacDougall and Ian 
Curthoys. 
Development of the Video eye movement analysis system was done by Hamish 
MacDougall and Ian Curthoys. 
Subject Testing was conducted mostly by Shaun Watson and Agatha Brizuela, with some 
testing by Ian Curthoys, Jim Colebatch and Hamish MacDougall. 
Subject Participation included Shaun Watson, Agatha Brizuela, Ian Curthoys, Jim 
Colebatch and Hamish MacDougalL 
Data processing and Statistical Analysis was largely done by Agatha Brizuela. 
Writing of the Manuscript was largely done by Shaun Watson, with input from Agatha 
Brizuela, Ian Curthoys, Jim Colebatch, Hamish MacDougall and Michael Halmagyi. 
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Abstract This study was designed to measure ocular 
movements evoked by galvanic (DC) stimulation using 
computerised video-oculography. Long duration (>30 s) 
galvanic vestibular stimulation at currents of up to 5 rnA 
through large-area surface electrodes over the mastoid 
processes causes maintained changes in the ocular tor-
sional position of both eyes in healthy human subjects. 
With the subject seated and the head held firmly, torsion 
was measured by a computer-based image-processing 
system (VTM). Torsion was recorded in darkness, with 
or without a single fixation point. With bilateral stimula-
tion, the upper poles of both eyes always torted away 
from the side of cathode placement and toward the an-
ode. For unilateral stimulation, torsion was directed 
away from the cathode or toward the anode. The magni-
tude of ocular torsion was dependent on current strength: 
with bilateral stimulation the peak torsion was on aver-
age 2.88° for 5-mA current intensity compared with 
1.58° for 3 rnA. A smaller amplitude of torsion was ob-
tained for unilateral stimulation. The average peak tor-
sion was the same for both eyes for all forms of stimula-
tion. Our findings indicate that low-intensity galvanic 
stimulation evokes ocular torsion in normal subjects, an 
effect which is consistent with an action on otolith affer-
ents. 
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Introduction 
Since Volta reported dizziness when he applied current 
across his head in the late eighteenth century (Sekitani 
and Tanaka 1975), galvanic stimulation has been exten-
sively used to investigate the vestibular system. Most 
studies have used what we term bilateral galvanic (direct 
current - DC) stimulation: applying current with a posi-
tive charge (anode) through an electrode over one mas-
toid process and current with negative charge (cathode) 
through an electrode over the other. A few studies have 
used unilateral stimulation, where the active electrode is 
over one mastoid and the other electrode is at some dis-
tant location (e.g. Coats and Stoltz 1969). 
The postural effects of galvanic vestibular stimulation, 
measured as either body motion (Coats and Stoltz 1969; 
Day et al. 1997), or as EMG responses in standing sub-
jects (Nashner and Wolfson 1974; Britton et al. 1993; Fitz-
patrick et al. 1994), have been explored in considerable de-
tail. However, the oculomotor effects of galvanic stimula-
tion have been less well documented. Horizontal nystag-
mus has been reported with the slow phase away and the 
quick phase toward the side of the cathode (Pfaltz 1970). 
The present study addressed the question of whether 
galvanic stimulation produced other components of eye 
movements, specifically torsion. We used a video system 
(Video Torsion Measurement: VTM) with an accuracy of 
0.1° (Moore et al. 1991, 1996) to record binocular tor-
sional eye movements simultaneously during long-dura-
tion (>30 s) galvanic stimulation. We specifically sought 
a painless system of galvanic stimulation suitable for 
clinical applications. In a recent study, Zink et al. (1997) 
reported that bilateral transmastoid galvanic stimulation 
produced torsion in one eye with the upper pole of the 
eye torting away from the side of the cathode. They used 
5 s duration square-wave current pulses with a maximum 
intensity of 3 rnA. If current strength is increased slowly 
(over 30 60s), comfortable stimulation is possible to an 
intensity of at least 5 rnA. 
This study was designed with the objective of, first, 
accurately recording the binocular movements produced 
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by long-duration galvanic stimulation with ramp onset; 
second, examining the relationship between the torsion 
response and current strength, and third, comparing the 
binocular eye-movement responses with bilateral and 
unilateral stimulation. Studies of unilateral galvanic ves-
tibular stimulation have shown that the cathode and the 
anode produce responses of opposite type, whether mea-
suring body sway (Coats and Stoltz 1969) or lower-limb 
EMG responses (Watson and Colebatch 1997). The abili-
ty to stimulate each vestibular apparatus separately is 
critical to any potential clinical application. 
Materials and methods 
Subjects 
Eight healthy subjects aged between 25 and 55 were tested. All 
procedures were approved by the appropriate institutional Ethics 
Committees and all subjects gave informed consent. 
Galvanic stimulation 
Surface electrodes of 600- 900 mm2 were individually cut from 
electrosurgical plating (3M) and placed over each mastoid process 
using a generous coating of electrode paste (Redux Creme, Hew-
lett Packard). A custom-designed, isolated current stimulator was 
used to deliver the desired current from a battery source over a 
prolonged period. For safety and comfort reasons, the current level 
was adjusted manually using a potentiometer and monitored con-
tinuously using a digital multimeter. Each change in current level 
was gradually made over 30-60 s. Current levels were read aloud 
from the multimeter and recorded onto the audio channel of the 
video tape. We used either a bilateral stimulation electrode place-
ment (cathode applied over one mastoid and anode over the other) 
or unilateral stimulation electrode placement (either cathode or an-
ode over one mastoid and the other electrode at an indifferent 
site). The vertebra prominens (C7) was used as the site for the in-
different electrode, as it was well away from both stimulating 
electrodes and the recording apparatus and was well tolerated. 
Procedure 
Subjects were seated with their head held so that Reid 's line (the 
line joining the inferior margin of the orbit and the upper margin 
of the external auditory meatus) was held about 7° nose up relative 
to earth horizontal. This is a standard position, which is both com-
fortable and allows for comparable positioning of the otoliths 
across subjects. Head and shoulders were held firmly by padded 
supports. Binocular horizontal, vertical and torsional eye positions 
were recorded continuously using video techniques (see below). 
Two series of experiments were performed: 
I. We measured torsion in five normal subjects in response to 
bilateral galvanic stimulation, and measured the relationship be-
tween current intensity and magnitude of oculomotor response. 
Perceptual tests were also performed during these experiments (to 
be reported separately). Initial cathode placement was to the left in 
three subjects and to the right in two subjects. Following baseline 
measurements, the initial perceptual tests, lasting approximately 1 
min, were performed, and then the current was applied (onset at 
0.6 rnA) and increased gradually to 5 rnA. The subject fixated on a 
target (see below) during the increase in current and for the first 
30 s at 5 rnA. The perceptual tests were then repeated followed by 
30 s of recording in complete darkness in order to detect any nys-
tagmus potentially suppressed by visual fixation. The subject fix-
ated on the target for a further period of at least I 0 s before the 
current was gradually returned to 0 rnA. At 0 rnA, the same se-
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Fig. 1 Torsion during bilateral galvanic stimulation. Time series 
of ocular-torsional position of the left eye (solid line) and right eye 
(dashed line) of a typical subject during bilateral galvanic stimula-
tion whilst fixating a small, dim visual target in an otherwise dark-
ened room. The light and dark grey regions indicate periods of 
changing and maintained stimulation, respectively. Unshaded re-
gions indicate an absence of galvanic stimulation. The value of 
maintained current is 5 rnA for both polarities of bilateral stimula-
tion. Current was designated to be negative when the polarity was 
cathode right I anode left and positive when the polarity was cath-
ode left I anode right 
quence was followed, except that recording in complete darkness 
was not performed because no nystagmus was to be expected un-
der these conditions. The electrode polarity was then reversed and 
the entire sequence was repeated (see Fig. 1). The electrode polar-
ity was then returned to the original, and the current was gradually 
increased to 3 rnA, where the subject fixated on the target for 2 
min before the current was gradually reduced to 0 rnA. After 30 s, 
the same sequence was followed with the electrode polarities re-
versed. 
2. The second series of experiments was also performed on 
five normal subjects, including two subjects studied in the earlier 
experiments, to compare the effects of bilateral stimulation with 
those of unilateral cathodal and anodal stimulation. Bilateral stim-
ulation was performed first, cathode left/anode right followed by 
cathode right/anode left. Unilateral cathodal stimulation was then 
performed, cathode left followed by cathode right (in both cases, 
the reference electrode was on C7). Finally, unilateral anodal stim-
ulation was performed, anode left followed by anode right. In all 
cases, the current was applied at 0.6 rnA and gradually increased 
manually to 5 rnA. During delivery of 5 rnA current, the subject 
fixated on the target for 60 s, then gazed at the point where it had 
been (in complete darkness) for 30 s, and finally fixated on the tar-
get for a further I 0 s. The current was then gradually returned to 0 
rnA, where it remained for at least 60 s before electrode polarity 
was reversed. The subject fixated on the target during periods of 
changing current intensity and periods without stimulation. 
Ocular-torsion measurement and analysis 
A full description of the procedure and calibration of the method 
for the measurement of ocular-torsion position (OTP) has been 
published previously (VTM: Moore eta!. 1991, 1996). The resolu-
tion of this method is 0.1 o of ocular torsion, and a low sampling 
rate of 2 Hz was used for maximum sensitivity. The OTP of all 
subjects was measured binocularly using half-silvered ("hot") mir-
rors (Coolbeam, OCU, Santa Rosa), which allowed measurement 
during unobstructed vision. The pupils of both eyes were con-
stricted by 2% Pilocarpine; the eyes were illuminated with infra-
red light sources; for each eye, a close-up image of the ira! pattern 
was reflected by a hot mirror onto a lipstick-sized (approximately 
6-cm length xi.5 em diameter) CCD camera (Panasonic WV-
CD I E). The cameras, mirrors and infrared ira! illumination sys-
tems were mounted on a thermoplastic mask (SanSplint, Smith 
and Nephew), which was individually moulded to the subject's 
face and held in place by Velcro straps. This tight-fitting, but com-
fortable "wrap-around" mask minimised camera slippage relative 
to the eye, and our measures of eye position at the start and end of 
the test showed that there was no detectable camera slippage. 
Visual targets 
A cardboard sheet with a circular aperture 8 em in diameter was 
placed in front of the active LCD screen of a laptop computer 
(Contura 420CX, Compaq Computers) placed at eye height, 60 em 
from the subject, in the otherwise darkened room. The laptop 
screen was run at very low luminance and a sheet of neutral-densi-
ty gelatin film (Lee Neutral Density Gel 200) was placed over the 
screen in order to prevent subjects seeing the edges of the individ-
ual pixels. Black velvet covered the cardboard and was draped 
across the laptop's keyboard and its mounting. In this way, the on-
ly visual stimulus during testing was a circular patch of very dim 
grey-blue light from the LCD screen of the laptop with a visual 
angle of 7.6° and a luminance of 0.2 candelas/m2, in the centre of 
which was the fixation target, a small spot or circle of white light, 
subtending 1.5° of visual angle. This laptop computer was also 
used for carrying out visual perceptual tasks. To allow testing in 
complete darkness, the laptop screen visible through the aperture 
was covered by black velvet so that no visual stimuli at all were 
visible to the subject. 
All data were recorded onto SVHS videotape using two SVHS 
tape recorders and analysed after the test session. The right hand 
rule was used, so that clockwise ocular torsion (where the upper 
pole of the eye rotated toward the subject's right shoulder) is posi-
tive and counter-clockwise ocular torsion is negative. At the start 
of each experiment, reference images of both eyes were recorded 
for 2 min while the subject gazed at the fixation point. The aver-
age value of the OTP measured during this period was taken as the 
baseline measure for that subject and arbitrarily given the value of 
0° torsion. Prior to the initial current being applied for each subse-
quent condition of the experiment, the reference or resting torsion-
al position was also reset to 0° torsion. Two values were used to 
represent the response to galvanic stimulation in each subject, for 
a given electrode placement and current intensity. We calculated 
an average of the OTP for the 5 s either side of the initial peak tor-
sion value ("peak") and an average of I 0 s of maintained OTP 
("tonic"), immediately prior to stimulus reduction. 
Results 
All subjects tolerated the current stimuli well and report-
ed minimal discomfort. 
Bilateral stimulation 
Galvanic stimulation produced ocular torsion in all sub-
jects. With bilateral stimulation the upper poles of both 
eyes always torted around the visual axis away from the 
side of the cathode and toward the side of the anode 
(Fig. 1). There was usually a peak of ocular torsion soon 
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Fig. 2 The mean peak torsion (averaged over both eyes for 5 s ei-
ther side of the initial peak value reached) for each subject as a 
function of current strength during bilateral galvanic stimulation. 
The mean peak torsion for the group is shown by the solid circles. 
The thin lines indicate the best-fitting straight lines for each sub-
ject; the heavy line indicates the group mean 
Table 1 Peak and tonic ocular torsional position (in deg) at four 
polarities / levels of bilateral galvanic stimulation (-5, -3, 3 and 5 
rnA) and baseline (0 rnA) for five subjects 
Current (rnA) OTP: Peak OTP: Tonic 
(mean ± s. e.) (mean± s. e.) 
5 -2.96 ± 0.53 -1.59 ± 0.30 
3 -1.62 ± 0.29 -0.96 ± 0.13 
0 0.00 ± 0.00 0.00 ± 0.00 
3 1.54 ± 0.32 0.77 ± 0.22 
5 2.80 ± 0.48 1.64 ± 0.22 
after reaching maximum current intensity, followed by a 
reduction to a lower amplitude during maintained current 
(Fig. I). Both eyes showed similar torsion magnitudes 
and direction. During and after current-intensity reduc-
tion, the direction of ocular torsion reversed. A few beats 
of horizontal or horizontal/torsional nystagmus were ob-
served in most subjects during the change in galvanic 
stimulation, even with the fixation target present. 
The individual and group mean values obtained are 
shown in Fig. 2. Ocular torsion was of significantly 
greater amplitude for 5 rnA than for 3 rnA current inten-
sity, both in terms of the "peak" (t8=3.97, P=0.004) and 
the "tonic" (t8=3.62, P=0.007) ocular-torsion measures (see Table 1). 
Unilateral stimulation 
With unilateral stimulation, the eyes always torted away 
from the side of the cathode or toward the side of the an-
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ode, depending on which electrode was applied over the 
mastoid process; Fig. 3. Thus, the ocular torsion pro-
duced by unilateral cathodal and unilateral anodal stimu-
lation to the same side were of opposite direction. Al-
though unilateral cathodal and unilateral anodal stimula-
tion produced ocular torsion of opposite direction, there 
was no significant difference between the two in terms 
of amplitude of either "peak" (t6=1.55, P =0. 17) or "ton-
ic" (t6=0. 71, P=0.50) ocular torsion (Fig. 3). The sum of 
the torsion induced by unilateral cathodal and unilateral 
anodal stimulation was smaller than that to transmastoid 
stimulation, but these differences were not statistically 
significant, neither in terms of the "peak" (t7= 1.73, P=O.l3) 
nor the "tonic" (t7=0.89, P=0.40) measures (Fig. 3). 
For both bilateral and unilateral stimulation, the ocu-
lar torsion obtained during stimulation was similar for 
each eye, although a large degree of disconjugate drift 
was observed for two of the eight subjects. However, 
even in these subjects, the magnitude of the response to 
the galvanic stimulus, with respect to their drifting base-
line value, was similar for both eyes. Both of these sub-
jects had corrected vision and had removed their correc-
tions for testing, so we attribute the torsional drift to in-
adequate binocular oculomotor coordination due to their 
poor visual acuity. 
Given the experimental design, in particular the limi-
tations regarding precise timing of current onset, it was 
not possible to determine response latencies. However, 
in all subjects, the peaks in OTP values occurred several 
seconds after the maximum current level was reached 
(e.g. Fig. 1 ). 
In no subject was there a sustained illusion of head or 
body tilt, or other motion, with the maintained galvanic 
stimulation. However, most subjects reported an illusion 
of self motion at current onset or during changing cur-
rent intensity. With bilateral stimulation, seven of eight 
subjects reported sensations of roll-tilt toward the cath-
ode during the increase in current and away from the 
cathode during current decrease. Two of the subjects 
who perceived roll-tilt also reported sensations of brief 
yaw rotation. These sensations diminished during con-
stant current stimulation. Similar, but milder sensations 
were reported during unilateral stimulation. 
Discussion 
We have shown that galvanic stimulation of up to 5 rnA 
delivered through electrodes on the mastoid processes 
produces ocular torsion without prominent nystagmus. 
This confirms and extends a recent result by Zink et al. 
(1997). In particular, we have shown that the torsion oc-
curs during maintained galvanic current, that its magni-
tude depends on current strength, that it is similar in both 
eyes and that it occurs in response to unilateral stimula-
tion. This is the first time that unilateral galvanic stimu-
lation has been shown to produce torsion. 
Most previous studies of the effects of galvanic stim-
ulation on oculomotor responses (e.g. Pfaltz 1970) have, 
unlike us, found nystagmus, possibly because rapid cur-
rent-intensity change is more likely to produce nystag-
mus than the slow change we used. Although the fixation 
point would act to suppress nystagmus, even in complete 
darkness we found very little nystagmus. 
In response to the 5 rnA bilateral stimulus, there were 
large individual differences between subjects, but in all 
subjects the direction of the torsion induced by a given 
stimulus polarity was identical: the upper poles of both 
eyes torted away from the side of the cathode and I or to-
ward the side of the anode. The average magnitude of 
the peak torsion was 2.88°, which is comparable to the 
torsion produced by about 30° of roll-tilt around a naso-
occipital (X) axis (Diamond et al. 1979). Even in the 
subject with the smallest torsion, the magnitude of the 
peak galvanic-induced torsion (1.6° at 5 rnA) was larger 
than the spontaneously occurring, slow torsional eye 
movements (around 1° peak to peak) that are always 
present, even during fixation (Collewijn et al. 1985). 
Clear peaks of torsion were often observed following 
changes in stimulating current intensity, and changes in 
current were more often associated with illusions of sub-
jective motion. Zink et al. (1997) used a square-wave 
galvanic stimulus of lower intensity, and this may ex-
plain why the amplitude of ocular torsion reported by 
them is similar to that described here. 
The maintained torsion occurred in the absence of a 
maintained illusion of roll-tilt, i.e. the eyes remained tor-
ted, but roll-tilt of the body was only transiently per-
ceived. This is in accord with recent evidence of a disso-
ciation between OTP and perceived roll-tilt (Curthoys 
and Betts 1997; Wade and Curthoys 1997). In the present 
study, large areas of the body were in contact with the 
chair and supports during the galvanic vestibular stimu-
lation, and we presume that this somatosensory stimula-
tion influenced the perception of the body's position in 
space, but had minimal effect upon ocular torsion. 
We have shown, using unilateral galvanic stimulation, 
that . both cathodal and anodal stimulation cause conju-
gate ocular torsion, the direction of which is dependent 
on mastoid electrode polarity. The response to bilateral 
labyrinth galvanic stimulation is thus contributed to by 
both the cathode and the anode. Studies in animals have 
demonstrated that cathodal galvanic stimulation results 
in activation of vestibular afferents, and anodal stimula-
tion results in their inhibition, through an action at the 
spike trigger zone of primary afferents (Goldberg et al. 
1984). Cathodal and anodal galvanic stimulation produce 
opposite types of postural (Coats and Stoltz 1969) and 
lower-limb EMG (Watson and Colebatch 1997) respons-
es in humans. The small s ize of the responses to unilater-
al stimulation may, however, limit their value as a clini-
cal test. 
The population of vestibular afferents activated by 
galvanic stimulation in human subjects is unknown. In 
animal studies, irregularly firing afferents show higher 
sensitivity to galvanic stimulation than regularly firing 
afferents (Goldberg et al. 1984), but there is no differen-
tial sensitivity between the afferents innervating different 
vestibular endorgans (Goldberg et al. 1984; Kleine and 
Griisser 1995). Both galvanic stimulation and high-inten-
sity clicks produce EMG responses in soleus (Watson 
and Colebatch 1998) and sternocleidomastoid (Watson et 
al. 1998), which have similar latencies and waveforms. 
Given the strong evidence from animal studies that high-
intensity clicks specifically activate the saccule (Mu-
rofushi and Curthoys 1997; Didier and Cazals 1989; 
McCue and Guinan 1994), the present results raise the 
possibility that galvanic stimulation may be particularly 
effective for saccular afferent fibres. Baloh et al. (1992) 
reported two patients with profound abnormalities of lat-
eral semicircular-canal function, who had preserved gal-
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vanic-evoked oculomotor responses in combination with 
normal otolith-ocular responses, suggesting a predomi-
nant action of galvanic stimulation on otolith pathways. 
Recent reports (Inglis et al. 1995; Day et al. 1997) have 
emphasised the maintained body tilt that occurs with 
prolonged galvanic stimulation, which is also consistent 
with an action on otolith rather than canal afferents. Fi-
nally, the predominant ocular torsion in the absence of 
any nystagmus favours a selective action of galvanic 
stimulation on otolith afferent fibres in humans. 
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2.3 FOLLOW UP 
2.3.1 SLOW PHASE VELOCITY (SPY) RESPONSES TO GVS 
By the year 2000 the sampling rate of our eye movement analysis system had improved 
from the 2 Hz used in the previous study to 20 Hz, and the practical limits on the duration 
of GVS delivery had been extended, so we returned to the study of the eye-movement 
responses to maintained surface GVS. The new video system was now fast enough to 
assess the velocity of the slow phase of horizontal, vertical, and torsional nystagmus. Eye 
movement data obtained in the original study was re-analysed at the new acquisition rate, 
and this revealed that the response was much more complicated than we had realized in 
1998. 
Figure 2.1 shows the torsion position (T POS), as well as Horizontal, Vertical, and 
Torsional slow phase velocity (SPY) responses to surface GVS (cathode left- anode right), 
maintained for 300 seconds. The left hand plot shows that the response with a fixation 
point present is largely one of torsional position - consistent with our previous 
observations. The right hand plot shows that without a fixation point present the eye-
movement response includes horizontal and torsional slow phase velocity components that 
we had not previously observed. A number of other new features of the response were also 
immediately evident including: the decay of response over hundreds of seconds; the 
adaptation or overshoot of response at stimulus offset; the suppression of horizontal 
nystagmus by visual fixation; and the decrease of 'dumping' of torsional position 
associated with horizontal nystagmus. 
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Figure 2.1: Raw data traces of the normal human eye-movement response to 5mA 
CLAR surface GVS maintained for 300 seconds with a fixation point (left) and without 
a fixation point (right). 
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2.3.2 EFFECT OF SAMPLING RATE ON THE ASSESSMENT OF SPV 
One reason why we did not observe significant velocity responses in our previous study 
(Watson, Brizuela et al., 1998) and presumably why a number of other researchers have 
also failed to observe these components, is that the low sampling rate of our measurement 
technique was unable to detect them. Figure 2.2 shows the effect of the limitations of our 
eye movement recording system in 1998. An analysis of slow phase velocity using the 
same data set sub-sampled at 20 Hz, 1 0 Hz, 5 Hz, and 2 Hz shows that below 10 Hz 
measurement of slow phase velocities of this magnitude breaks down. At 2Hz the aliasing 
effect is so extreme that an entire beat of nystagmus can occur between samples, and a 
huge underestimate in slow phase velocity results. The eye position measurements are 
relatively unaffected by sample rate. 
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Figure 2.2. Raw data traces of the same data set sub-sampled to 20, 10, 51 and 2Hz 
shows the major effect of sampling rate on the calculation of SPV responses (huge 
underestimates of SPV at low sampling rate but little effect on position measures). 
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2.3.3 EFFECT OF VISUAL SUPPRESSION ON SPY 
The second reason why we did not observe significant velocity responses is also indicated 
by the comparison of eye-movement responses with and without fixation. Most normal 
subjects are very proficient at suppressing horizontal and vertical nystagmus using visual 
feedback that is available when a fixation light is present. Since our study (Watson, 
Brizuela et al., 1998) also measured perceptual responses using settings of a visual bias 
bar, visual suppression was almost always in effect. 
2.3.4 IDIOSYNCRASY OF SPY RESPONSE MAGNITUDE 
The third factor that led to our conclusion that there is little velocity response to GVS 
follows from the fact that the proportion of these response components is idiosyncratic. 
For some subjects, it is indeed the case that the eye-movement response to GVS is largely 
one of torsional position, but for others the response is dominated by velocity. Figure 2.3 
shows that the time series plot of a 'typical' subject shown in Figure 1 of our paper 
(Watson, Brizuela et al., 1998) shows very little velocity at the original 2Hz sampling rate 
(left). This lack of velocity is unsurprising considering the limitations of a low sample rate 
described above. The same data set, reprocessed from the original videocassette at 25 Hz, 
shows considerably more horizontal and torsional slow phase velocity but is still 
dominated by the torsion position response (right). 
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Figure 2.3: A comparison of original data from the Watson et al. (1998) study 
reprocessed from videocassette at the original rate of 2 Hz (left) and at the current 
systems rate of 25 Hz (right) 
The following plots of new data (Figure 2.4) obtained from the same subject show that this 
individual is particularly effective at suppressing velocity responses with fixation like that 
present during the previous study. 
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Figure 2.4: A comparison of the oculomotor response of the same subject during 
conditions with a fixation point (left) and without a fixation point (right) shows 
suppression of SPV responses and an increase in T POS. 
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Figure 2.5 shows the results of reprocessing the original videocassette recording of a 
different subject participating in the Watson et al. (1998) study. At 2 Hz sampling rate 
(left hand plot) this response seemed at the time to be atypical because the torsion position 
response appeared not to be systematically related to current intensity. However, the same 
data set processed at 20 Hz (right hand plot) shows many of the features of the complex 
response to galvanic vestibular stimulation that we have been able to observe as our eye 
movement analysis system improved during the course of this project, and which we now 
consider more 'typical' . This subject clearly shows strong horizontal and torsional slow 
phase velocity responses during the increases in galvanic current presumably because they 
are less able to suppress these responses using visual fixation than the previous subject. 
This subject also shows a large horizontal slow phase velocity response during each of the 
periods in which their visual fixation light was extinguished (horizontal black bars). 
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Figure 2.5: Original data for another subject participating in the Watson et al. (1998) 
study reprocessed from videocassette at 2 Hz (left). At 25 Hz (right) large SPV 
responses to GVS are revealed. 
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2.4 RELEVANCE TO THE LITERATURE 
The issues addressed above have been resolved and clarified in our subsequent 
publications (presented in Chapters 3-5) and in those of our collaborators as follows: 
M.S. Welgampola, J.G. Colebatch (200la). 
Vestibulocollic reflexes: normal values and the effect of age. 
"Galvanic vestibular stimulation acts upon the most distal part of the primary vestibular 
afferents ('spike trigger zone') (Goldberg et al. 1984) and a selective action on otolith 
afferents at low stimulus intensities has been proposed (Watson et al. 1998; Zink et al. 
1998). Similarities in the latencies and waveforms ofvestibulocollic responses to click and 
GVS and the correlation between their amplitudes suggest that both stimuli excite an 
overlapping spectrum of afferents." 
M. S. Welgampola, J. G. Colebatch (2001b). 
Vestibulospinal reflexes: quantitative effects of sensory feedback and postural task. 
"Galvanic vestibular stimulation results in both horizontal and torsional ocular movements 
(Pfaltz 1969; Watson et al. 1998; Zink et al. 1998; Kleine et al. 1999), direction-specific 
body sway (Coats and Stoltz 1969), and characteristic modulation of EMG activity in 
postural muscles in standing humans (Nashner and Wolfson 1974; Britton et al. 1993; 
Fitzpatrick et al. 1994; Watson and Colebatch 1997)." 
Ann M. Bacsi, Shaun R.D. Watson, James G. Colebatch (2003). 
Galvanic and acoustic vestibular stimulation activate different populations of vestibular 
afferents. 
"In addition, the study by Watson et al. (1998) involved a visual fixation point, known to 
suppress nystagmus, as well as a low sampling frequency of 2 Hz. Inter-individual 
differences may also influence the pattern of responses. Kleine et al. (1999) found that, 
after sinusoidal galvanic stimulation, some subjects had a large nystagmic response with 
little tonic response (indicating predominant semicircular canal stimulation) whereas other 
subjects had a large tonic response with little nystagmus (indicating predominant otolith 
stimulation). The evidence overall is compatible with galvanic stimulation having an 
action on both otolith and semicircular canal afferents, with significant inter-individual 
variation (MacDougall et al. 2002)." 
Mikael Karlberg, Leigh McGarvie, Mans Magnusson, Swee T. Aw and G. Michael 
Halmagyi (2000). 
The effects of galvanic stimulation on the human vestibulo-ocular reflex. 
"Watson et al. [ 4] reported a few beats of nystagmus in most of their subjects during 
periods of changing the GVS but no nystagmus during sustained GVS at 5mA. The 
sampling frequency of their recording system was 2Hz and a nystagmus might thus have 
been missed. They also used a central fixation light during most of their recordings and 
visual fixation suppresses horizontal nystagmus." 
(4. Watson SRD, Brizuela AE, Curthoys IS et al. Exp Brain Res 122, 453-458 (1998)). 
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An examination of a number of the publications that cite our early investigation of 
maintained ocular torsion produced by maintained surface GVS shows that for the most 
part these issues have also been appreciated by other authors: 
Erich Schneider, Stefan Glasauer and Marianne Dieterich (2000). 
Central processing of human ocular torsion analyzed by galvanic vestibular stimulation. 
"Transmastoidal galvanic vestibular stimulation (GVS) with direct currents (DC) induces 
two distinct types of torsional eye movements: first, a tonic torsion of both eyes, which is 
believed to result from activation of otolith afferents, and second, superimposed torsional 
nystagmus, which is believed to result from activation of the vertical semicircular canal 
(SC) afferents [1-3] ." 
(3. Watson SRD, Brizuela AE, Curthoys IS et al. Exp Brain Res 122, 453-458 (1998)). 
Erich Schneider, Stefan Glasauer, and Marianne Dieterich (2002). 
Comparison of Human Ocular Torsion Patterns During Natural and Galvanic Vestibular 
Stimulation. 
"Sustained current steps induce two distinct types of torsional eye movements: first, a tonic 
ocular torsion (OT) of both eyes, and second, superimposed torsional nystagmus. The 
tonic OT has been attributed to the activation of otolith afferents (Watson et al. 1998; Zink 
et al. 1997, 1998)." 
"The presence of this tonic component was the basis for the conclusion that the activation 
of otolith pathways must play a significant role during GVS (Watson et al. 1998; Zink et 
al. 1997, 1998)." 
"In the context of the GVS-re1ated literature, which consistently attributed the tonic 
components of GVS responses to otolith activations (Day et al. 1997; Inglis et a1. 1995; 
Kleine et al. 1999; Watson et al. 1998; Zink et al. 1997, 1998), it was surprising to measure 
eye movements that we were familiar with from GVS, although only canals and no otoliths 
were stimulated." 
"These similarities lead to the conclusion that during GVS the activation of SCC afferents 
alone is sufficient to induce the observed OT patterns; an otolith contribution is not 
necessary for either the so-called tonic OT (Watson et al. 1998; Zink et al. 1997, 1998) or 
the variability of tonic versus phasic OT seen among subjects (Kleine et al. 1999)." 
Marianne Dieterich, Reto Zink, Alexander Weiss and Thomas Brandt (1999). 
Galvanic stimulation in bilateral vestibular failure: 3-D ocular motor effects. 
"GVS at the mastoid level of normal subjects elicits tonic ocular torsion, e.g. of 2.8 - 0.88 
at 3mA toward the anode during low current strength ( <3mA) [3] and superimposed 
torsional-horizontal nystagmus at higher current intensities (>3mA) [ 4,5]." 
(4. Watson SRD, Brizuela AE, Curthoys IS et al. Exp Brain Res 122, 453-458 (1998)). 
Justus. F. Kleine, Wolfgang. 0. Guldin and Andrew. H. Clarke (1999). 
Variable otolith contribution to the galvanically induced vestibula-ocular reflex. 
"Recently, Watson et al. employed video-oculography to measure the torsional eye 
movements evoked by galvanic vestibular stimulation (GVS) with long lasting (30s) direct 
currents [9]. They observed small, sustained torsional deviations of the eyes, which they 
interpreted as reflecting GVS-induced stimulation of otolith afferents. Earlier, Zink et al. 
had recorded torsional ocular deviations evoked by relatively short (5s) rectangular 
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currents, which they also considered as tonic, otolith-related responses. These authors 
observed nystagmic responses only at relatively high stimulus amplitudes and concluded 
that it is possible to selectively stimulate the otolith organs with low amplitude galvanic 
stimuli [9-11]." 
"In contrast, in the recent reports by Zink et al. [11] and Watson et al. [9], no nystagmic 
responses were observed up to current intensities of, 3mA or 5mA, respectively. However, 
these findings are difficult to reconcile with numerous previous reports on threshold values 
of galvanic nystagmus [ 4,5,17-20]." 
"Another technical factor of obvious relevance is the data sampling rate. Watson et al. [9], 
focussing on the tonic positional response sampled eye position at only 2 Hz, a rate 
certainly too low for the detection of such discrete torsional nystagmus patterns, which can 
hardly be recognized with the unaided eye." 
" It seems plausible to attribute the tonic torsional eye deviations at low frequencies of GVS 
to otolith related effects [9]." 
Alexandra Severac Cauquil, Mary Faldon, Konstantin Popov, Brian L. Day, Adolfo M. 
Bronstein (2003 ). 
Short-latency eye movements evoked by near-threshold galvanic vestibular stimulation. 
"For instance, if GVS were to signal a rotation in roll about a horizontal axis through the 
middle of the head then a torsional ocular response would be expected and is indeed 
observed (Zink et al. 1997, 1998; Severac Cauquil et al. 1998; Watson et al. 1998; Kleine 
et al. 1999; Schneider et al. 2000, 2002). However, horizontal components of the eye-
movement response have also been reported (Pfaltz 1970; Breson et al. 1971; Zink et al. 
1997, 1998; Quarck et al. 1998; Karlberg et al. 2000), which may mean that GVS signals 
apparent head rotation about a different axis." 
Brian L. Day and Jonathan Cole (2002). 
Vestibular evoked postural responses in the absence of somatosensory information. 
"Human GVS-evoked eye movements may provide clearer indirect information about 
which afferents are recruited, but even here a consensus has not yet been reached. Early 
work showed that GVS at relatively high intensity could produce nystagmic responses 
indicative of semicircular canal afferents stimulation (Hitzig, 1871; Pfaltz, 1970). More 
recent work has shown that the major eye-movement response to GVS is ocular torsion 
(Zink et al. 1997, 1988; Severac Cauquil et al. 1998; Watson et al. 1998; Kleine et al. 
1999), which is compatible with either otolith or semicircular canal afferents stimulation." 
Oliver Fasold, Michael von Brevem, Marc Kuhberg, Christoph J. Ploner, Amo Villringer, 
Thomas Lempert, and Rudiger Wenzel (1984). 
Human Vestibular Cortex as Identified with Caloric Stimulation in Functional Magnetic 
Resonance !magi ng. 
"With galvanic stimulation probably all branches of the vestibular nerve are activated, 
originating from each of the five suborgans of the labyrinth, but it is controversial whether 
galvanic stimulation affects predominantly otolith afferents (Watson et al. 1998) or fibers 
from the semicircular canals (Schneider et al. 2000). In contrast, caloric stimulation affects 
primarily the horizontal semicircular canal." 
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T.D. Fife, MD; R.J. Tusa, MD, PhD; J.M. Furman, MD, PhD; D.S. Zee, MD; E. Frohman, 
MD, PhD; R.W. Baloh, MD; T. Hain, MD; J. Goebel, MD; J. Derner, MD, PhD; and L. 
Eviatar, MD (2000). 
Assessment: Vestibular testing techniques in adults and children. Report of the 
Therapeutics and Technology Assessment Subcommittee of the American Academy of 
Neurology 
"Nystagmus can be evoked and posture can be affected during galvanic vestibular 
stimulation [87,88]. This technique is being investigated as a method for distinguishing 
the vestibulocochlear nerve from labyrinthine lesions and as a possible test of otolith 
function, which may be preferentially affected by low-current intensities [89,90]." 
(90. Watson SR, Brizuela AE, Curthoys IS, Colebatch JG, MacDougall HG, Halmagyi 
GM. Maintained ocular torsion produced by bilateral and unilateral galvanic (DC) 
vestibular stimulation in humans. Exp Brain Res 1998;122:453-458). 
Franck Mars, Konstantin Popov and Jean-Louis Vercher (2001). 
Supramodal effects of galvanic vestibular stimulation on the subjective vertical. 
"Whether or not the difference between visual and somatosensory settings reported here 
corresponds to the amount of ocular torsion remains to be determined. Watson et al. [4], 
who recorded ocular torsion during maintained GYS as in the present study, gave credence 
to this hypothesis. They observed that a GYS of 3mA produced some tonic torsion of 
about 0.88, that is in the order of the difference between visual and somatosensory settings 
at 2.5rnA." 
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2.5 NEW CONCLUSIONS 
Regarding the possible site of action of maintained surface GVS, our Watson et al. (1998) 
study concluded "Our findings indicate that low intensity galvanic stimulation evokes 
ocular torsion in normal subjects, an effect which is consistent with an action on otolith 
afferents", and that "predominant ocular torsion in the absence of any nystagmus favours a 
selective action of galvanic stimulation on otolith afferent fibres in humans." 
This implication of otolith involvement and the attribution of maintained torsional eye 
position responses to the stimulation of otolithic afferents are still supported by the 
literature on animal, patient, and postural responses referred to in our discussion, and by 
new evidence which we have obtained in: animal models (Kim et al., 2003) patient 
responses (H. MacDougall et al., 2002; H. MacDougall et al., 2003) and eye movements 
measured using our improved eye-movement analysis system (H. MacDougall et al., 2002; 
H. MacDougall et al., 2003). 
This new evidence has however highlighted our original observation (Watson, Brizuela et 
al., 1998) that "a few beats of horizontal or horizontal/torsional nystagmus were observed 
in most subjects during changing galvanic stimulation, even with the fixation target 
present". Using a video eye movement analysis system capable of accurately measuring 
slow phase velocity (at 25 Hz sampling rate) we have now also found reliable systematic 
horizontal and torsional velocity responses to maintained surface GVS in humans 
throughout the entire period of GVS and reversal of these velocity responses after GVS 
offset. 
The observation of both ocular torsional position, and horizontal/torsional velocity 
responses is consistent with an action of GVS on otolith afferents but additionally 
implicates the stimulation of SCC afferents. This conclusion, that all (otolith and SCC) 
vestibular afferents are similarly stimulated by maintained surface GVS in humans, seems 
most successful at resolving the evidence from animal studies, from normal human 
responses, and from patient responses that will be presented at length in Chapter 6. 
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CHAPTER3: BETWEEN-SUBJECT VARIABILITY AND WITHIN-SUBJECT 
RELIABILITY OF THE RESPONSE TO BILATERAL GVS 
3.1 INTRODUCTION 
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The analysis of the human eye-movement response to maintained surface galvanic 
vestibular stimulation continued in the year 2000 with an improved version of our video 
based eye movement system capable of measuring 3-D position and velocity responses. 
The first major project assessed the between-subject variability and within-subject 
reliability of the human eye-movement response to maintained bilateral surface GYS. 
These experiments form the basis of the following publication: 
MacDougall, H. , Brizuela, A. E., Burgess, A. M., & Curthoys, I. S. (2002). Between-
subject variability and within-subject reliability of the human eye-movement 
response to bilateral galvanic (DC) vestibular stimulation. Experimental Brain 
Research, 144(2), 69-78. 
CONTRIBUTIONS 
The Experimental Design and Rationale was developed by Hamish MacDougall. 
Development of the Galvanic Stimulation Apparatus was done by Ian Curthoys. 
Development of the Video Eye Movement Analysis System was done by Hamish 
MacDougall, and Ian Curthoys. 
Subject Testing was conducted by Hamish MacDougall, with assistance from Ann 
Burgess. 
Subject Participation included Hamish MacDougall, Ann Burgess and Ian Curthoys. 
Data Processing and Statistical Analysis was largely done by Hamish MacDougall with 
help from Agatha Brizuela, and Ann Burgess. 
Writing of the Manuscript was largely done by, Hamish MacDougall and Agatha Brizuela, 
with input from Ian Curthoys, and proof reading by Ann Burgess. 
CHAPTER 3: Between-Subject Variability and Within-Subject Reliability of the Response to Bilateral GVS 28 
Exp Brain Res (2002) 144:69 78 
DOI 10.10071s00221-002-1038-4 
Hamish G. MacDougall · Agatha E. Brizuela 
Ann M. Burgess · Ian S. Curthoys 
Between-subject variability and within-subject reliability 
of the human eye-movement response to bilateral galvanic (DC) 
vestibular stimulation 
Received: 5 September 2001 / Accepted: 16 January 2001 / Published online: 5 March 2002 
C Springer-Verlag 2002 
Abstract Recent studies have shown that responses to 
surface galvanic vestibular stimulation (GYS) show sub-
stantial interindividual variation. Between-subject vari-
ability may be due to individual differences between 
subjects, or to the poor reliability of the test, or to differ-
ences in test details, or to host factors. The aim of the 
present study was to compare variability between and 
within subjects in binocular 3-D eye-movement respons-
es to long-duration, maintained, large-amplitude, bilater-
al, bipolar, surface GYS. Subjects were seated and re-
strained, and in one condition fixated a small, centrally 
located visual target; in the other condition, testing was 
carried out in complete darkness. Surface GYS of 5 rnA, 
with a rectangular waveform was delivered bilaterally 
for 5 min while eye movements were measured using 
computerised video-oculography (VTM). In the first ex-
periment, ten subjects participated in both conditions in 
one session, and in the second experiment, two subjects 
participated in both conditions for a total of five repeated 
sessions. The stimulation was well tolerated by all sub-
jects and produced a change in torsional position with 
the upper pole of both eyes rolling towards the anode 
and away from the cathode in all subjects in both condi-
tions. Although little vertical nystagmus was evident in 
either condition, most subjects showed relatively strong 
horizontal nystagmus (slow phases towards the anode) in 
darkness. This study confirms previous observations that 
the torsional response to GYS is highly variable between 
subjects, whilst also showing for the first time that eye-
movement responses to GYS show good within-subject 
repeatability. This study also demonstrates considerable 
between-subject variability in the relative ratios of re-
sponse components (torsional and horizontal nystagmus, 
torsional position), whereas the relatively small within-
subject variability can be characterised more by changes 
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in the overall amplitude of the eye-movement response. 
Subjects show idiosyncratic oculomotor response pat-
terns to GYS, varying slightly in absolute magnitude be-
tween sessions. Thus, GYS may be a more reliable stim-
ulus than may have been anticipated from the literature. 
Keywords Galvanic vestibular stimulation (GYS) · 
Ocular torsion · Labyrinth · Eye movement · Individual 
differences 
Introduction 
For over 200 years it has been known that delivering cur-
rent across the head produces sensations of dizziness 
(Kayan et a!. 1974 ). Whether this surface galvanic stimu-
lation acts peripherally or centrally has been a matter of 
considerable debate (Goldberg et al. 1982, 1984), how-
ever, it is widely accepted that surface galvanic stimula-
tion delivered to the mastoids activates at least some part 
of the vestibular system. For this reason, galvanic vestib-
ular stimulation (GYS) has been the focus of continued 
studies seeking to determine its usefulness in a clinical 
diagnostic setting (Pfaltz 1969; Coats 1972; Watanabe et 
al. 1985). 
Early studies focused on the eye-movement response 
to GVS using nystagmography, however, the results 
were highly variable (Straub and Thaden 1992). Investi-
gation in this area turned more and more to the effects of 
GVS on postural responses, such as GYS-induced body 
sway (see. for example, Coats 1973; Magnusson et al. 
1991), and EMG responses to GYS in normals and in 
people with vestibular deficits (see, for example, Britton 
et al. 1993; Watson et al. 1998b). Again, the overall high 
variability of the results of GVS initially led some re-
searchers to discount the utility of GVS as a test of pe-
ripheral vestibular function at all (Blonder and Davis 
1936; Pfaltz and Richter 1965). In addition, the delivery 
of GVS has sometimes been too noxious for subjects to 
tolerate without considerable discomfort, resulting in 
many researchers questioning whether GYS could ever 
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be an appropriate clinical tool for the assessment of ves-
tibular function (Blonder and Davis 1936). 
Recent refinements in the delivery of GVS have, 
however, greatly reduced the level of discomfort pro-
duced. The use of large surface electrodes and generous 
quantities of conductive medium (such as electrode 
paste or gel) greatly reduces the likelihood of GVS 
causing discomfort or resulting in burns to the skin. In 
addition, the characteristics of the stimulus appear to 
play an important role in whether the stimulus produces 
noxious subjective responses, such as overpowering 
sensations of spinning or falling, nausea or metallic tast-
es in the mouth. These subjective responses to GVS 
mostly appear to accompany onset or rapid changes in 
the amplitude of current delivered (Hlavacka and 
Njiokiktjien 1985; Magnusson et al. 1990; Johansson 
and Magnusson 1991; Watson et al. 1998a) as well as 
being mediated by the absolute magnitude of the stimu-
lus (Zink et al. 1997, 1998). Thus, high-velocity impuls-
es at large current amplitudes delivered through elec-
trodes with small surface area may be quite noxious to a 
subject, whereas slowly increasing the current from ap-
proximately zero to the same large amplitude and main-
taining that level of stimulation over a long duration 
(>30 s) is tolerated well by most subjects (Watson et al. 
1998a). Using these refinements, Watson et a!. ( 1998a) 
showed that long-duration GVS could be delivered com-
fortably and that it caused a maintained change in ocular 
torsional position (OTP) with the upper pole of both 
eyes rotating away from the cathode and/or towards the 
anode, regardless of whether the stimulus was delivered 
bilaterally or unilaterally. 
However, uncertainty sti ll exists regarding the reli-
ability of the GVS-induced responses. Studies have 
shown that GVS causes substantial individual variations 
in regional cerebral blood flow to vestibular cortical ar-
eas (Lobel et al. 1998) and in torsional eye-movement 
responses (Kleine et al. 1999; Schneider et al. 2000). 
This variability appears to limit the potential of surface 
GVS as a diagnostic tool. However, studies have rarely 
attempted to identify the source of between-subject vari-
ability. This may be because experiments using GVS can 
be demanding for subjects, as the stimulus can be nox-
ious enough to deter subjects from participating in multi-
ple sessions. 
When response differences are found between sub-
jects, one of the first sources of variability that must be 
suspected is that arising between tests. In other words, 
between-subject variability may be due to individual dif-
ferences between subjects, or to differences in test de-
tails between sessions, such as electrode placement and 
resistance, current delivery, or even host factors such as 
arousal or changes in response bias in resolving ambigu-
ous sensory input (Lobel et al. 1998). The aim of the 
present study was to examine the 3-D eye-movement re-
sponses to long-duration, maintained, large-amplitude, 
bilateral, surface GVS. In particular, this study sought to 
compare between- and within-subject variability in ocu-
lomotor responses to surface GVS. 
Measurement of torsional eye movements using tech-
niques such as scleral search coils is problematic due to 
coil slippage (especially during blinks; Bockisch and 
Haslwanter 2001). To overcome such potential artefacts, 
the present study used a robust and sensitive method 
of computerised video-oculography (VTM; Moore et 
a!. 1991, 1996) to measure binocular eye movements 
during unobstructed vision. This avoids the inherent con-
founds when one or both eyes are occluded (Howard and 
Templeton 1966), for example, by video cameras. 
The presence of a fixation light is known to drastically 
affect the eye movements of normal subjects. In addition 
to largely suppressing horizontal and vertical nystagmus, 
the presence of a fixation light has been shown to slightly 
reduce torsional eye movements (Enright 1990). In addi-
tion, Smith et al. (1995) have shown that, during on-cen-
tre rotation without fixation, the unsuppressed horizontal 
nystagmus tends to reduce or 'dump out' the centred OTP 
response. The present study investigated the response to 
GVS in both complete darkness and fixation conditions. 
Results obtained in darkness permit an analysis of the 
complex, 3-D eye-movement response to GVS, whereas 
the results obtained with a fixation light allow the isola-
tion ofpredominantly stable, torsional components. Last-
ly, the present study uses long-duration (5 min) main-
tained galvanic stimulation in order to investigate the 
variability of the long-term decay and adaptation seen in 
previous studies (Watson et al. 1998a). 
Materials and methods 
Subjects 
Ten subjects (four males and six females; mean age 28.7 years, SD 
11.5 years) volunteered to participate in this study. All ten subjects 
participated in experiment I: variability. Two of these subjects 
(one male, aged 32 years, and one female, aged 20 years) also par-
ticipated in experiment 2: repeatability. No subject reported any 
history of vestibular dysfunction. All procedures were approved 
by the appropriate institutional ethics committees and all subjects 
gave informed written consent. 
Galvanic stimulation 
Galvanic stimulation was delivered via surface electrodes of ap-
proximately 1,000 mm2, individually cut from elcctrosurgical plat-
ing (3 M) generously coated with electrode gel and placed over 
each mastoid process (see, for example, Watson et a!. 1998a). 
Stimulation electrode placement was bilateral (cathode applied to 
one mastoid and anode to the other). This kind of bilateral deliv-
ery is preferable where there is no reason to expect asymmetry of 
response from each side (unlike patient testing, which would re-
quire unilateral comparisons). Further, bilateral stimulation was 
chosen because it is, in effect, twice as strong as unilateral stimu-
lation, thereby generating larger eye-movement responses which 
allow more effective analysis (improved signal: noise ratio). A cus-
tom-designed isolated current stimulator was used to deliver the 
desired current from a battery source over a prolonged period. Pri-
or to the test commencement, the stimulator was manually preset 
to deliver a current level of 5 rnA (this was monitored continuous-
ly), then left at this level and switched off (see procedures). When 
ready to test, the stimulator was switched on, thereby delivering a 
5-mA square-wave galvanic stimulus. 
Procedure 
Prior to the commencement of the test session proper, the elec-
trodes were attached to the mastoids of the subjects. Once subjects 
were seated comfortably, they were given a practice session to en-
sure comfortable toleration of the stimulus. The stimulator was 
connected, switched on (at 0.6 rnA) and then gradually increased 
to 5 rnA (over approximately I 0 s), left at 5 rnA (approximately 
15 s) and then switched off. During this practice session, subject 
tolerance of the stimulus was verbally verified. In this way we en-
sured that all subjects were able to tolerate both the maximal level 
of stimulation (5 rnA) and a square-wave change of 5 rnA in stim-
ulation (offset at end of practice). Tn addition, we asked subjects to 
describe any illusory sensations of movement in order to satisfy 
ourselves that the stimulus was effective. Drops of pilocarpine 
(used to constrict the pupil for video-oculography) were then ad-
ministered to subjects' left and right eyes. A rest period of 20 min 
between the practice session and the commencement of the test al-
lowed the pilocarpine to take effect, and ensured that subjects re-
covered fully from the practice stimulus. 
Following the rest period, subjects donned the video headset 
required for continuous eye movement recording (see below). 
Subjects were seated such that Reid's line (the line joining the in-
ferior margin of the orbit and the upper margin of the external au-
ditory meatus) was held about 7° nose up relative to earth horizon-
tal. This is a standard position that is both comfortable and allows 
for comparable orientation of the otoliths across subjects. Head 
and shoulders were held firmly by padded supports. 
Stimulus polarity was cathode Jell-anode right (CLAR) in all 
tnals. In the first condition (FIX ON) subjects fixated a light that 
was positioned 80 em straight ahead (i.e. centred both vertically 
and horizontally). Eye-movement recording commenced 2 min 
prior to the onset of GVS. The constant-current stimulator was 
then switched on, delivering S rnA CLAR with square-wave onset. 
The stimulus was left at this level for 5 min and was then switched 
ofT (square-wave offset). Eye-movement recording continued for 
another 5 min. Subjects were allowed at least 15 min rest before 
commencing the second conditiOn (FIX OFF), in which the se-
quence was repeated, except that the fixation light was extin-
guished at the commencement of the eye-movement recording and 
subjects were asked to maintain their direction of gaze as if the 
fixation light were still present. 
These procedures were used for both experiment I and experi-
ment 2. For experiment 2, subjects returned to participate in four 
additional repeat test sessions each (in addition to their original 
session, which formed part of experiment I). Repeat sessions were 
separated by at least I day and no more than 3 months. 
Eye movement measurement and analysis 
Eye movements were recorded using video recording techniques 
described previously (Moore et al. 1991, 1996). The resolution of 
this method is 0.1 ° of ocular torsion and the sampling rate was 
30Hz (NTSC frame rate). The pupils of both eyes were constrict-
ed by 2% pilocarpine hydrochloride (Chauvin Pharmaceuticals, 
UK), and the eyes were illuminated with infrared light sources. 
Half-silvered ("hot") mmors (Coolbeam; OCL!, Santa Rosa) re-
flected a close-up image of the ira! pattern onto a lipstick-sized 
CCD camera (Panasonic WV-CDlE) while permitting the subject 
unobstructed vision. The cameras. mirrors and infrared light 
sources were mounted on thcm1oplastic masks (SanSplint; Smith 
and Nephew) individually moulded to the subject's face and held 
in place by Velcro straps. This tight-fitting but comfortable "wrap-
around" mask minimised camera slippage relative to the eye, and 
our measures of eye position at the start and end of the test show 
that there was no detectable camera slippage. 
All data were recorded onto YHS videotape using two YCRs 
and analysed after the test session. Eye position and velocity were 
processed for three dimensions, giving a total of six possible mea-
sures (horizontal, vertical and torsional eye position, and horizon-
tal, vertical and torsional slow-phase eye velocity), however, re-
10- O';P ;; ""-' l 
loiSPiA ""' l 
· r'~~ ~SPV• L g- ~SPV;,""" l B 7-e . ·j 1r 5• 
t r 4-
1 3 -
I ~~ 
~ 
E 
E 
4 
c D A B 
·5 •, 1 1 I I 1 t 1 1 I I I I I I 
o so 100 150 zoo 250 300 350 •oo 450 soo &.o GOO 550 100 750 
t ....... , 
71 
Fig. I The 3-D eye-movement traces for a subject during S-mA 
cathode left-anode right (CLAR) surface galvanic vestibular stim-
ulation (GVS) in the FTX ON condition. The results of both eyes 
arc shown (right eye: solid traces, left eye: dashed traces), show-
ing a high degree of binocular conjugacy in the response to GYS. 
The vertical grey bars indicate the regions of interest (A "onset", 
8 "maintained", C "overshoot" and D "final"). The orange hori-
=ontal bars represent the presence and strength of the galvanic 
stimulus. OTP Ocular torsional position, HSPV horizontal slow 
phase vclocity(SPY), VSPVvertical SPY, TSPVtorsional SPY 
suits for horizontal and vertical eye position were not included in 
all analyses, as these responses arc under the voluntary control of 
subjects. The right-hand rule was used so that clockwise ocular 
torsion (where the upper pole of the eye rotated towards the sub-
ject's right shoulder) is positive and counterclockwise ocular tor-
sion is negative. At the start of each condition, reference images of 
both eyes were recorded while the subject gazed at the fixation 
point. The average value of the response measured during this pe-
riod was taken as the baseline measure for each dimension for a 
particular subject and arbitrarily g1ven the value of 0° (position 
measures) or 0°/s (velocity measures). 
Results 
Experiment I: variability 
General findings 
The long-duration, 5-mA stimulus was well tolerated by 
all subjects. Surface GVS produced eye-movement re-
sponses in all subjects. In response to the onset of GVS, 
the OTP of all subjects rotated in the positive direction 
(i.e. upper pole of the eye rotated towards the anode and 
away from the cathode). The change in eye position gen-
erally reached a maximum magnitude soon after stimu-
lus onset (Fig. 1 region A), and then tended to decay, 
eventually reaching a tonic OTP (Fig. 1 region B). With 
the offset of GVS, the OTP of all subjects reversed di-
rection (i.e. the upper pole of the eye rotated away from 
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Table 1 Average (and standard error of the mean in parentheses) 
of the time constant (seconds) for the decay of the eye-movement 
response to the onset and offset of galvanic vestibular stimulation 
(GVS) in darkness (FIX OFF) and with fixation (FIX ON). Re-
sults arc shown for those measures showing a statistically signifi-
cant decay of response to GVS, i.e. ocular torsional position 
(OTP), and horizontal and torsional slow phase eye velocity 
(HSPV and TSPV, respectively). The time constant for OTP in 
darkness is not shown, as there was no statistically significant de-
cay in this condition (see Fig. 2). The number of subjects whose 
data were included in the calculation is indicated beneath each re-
sult. (NA Not applicable) 
FIX OFF FIX ON 
Galvanic Galvanic Galvanic Galvanic 
onset offset onset offset 
OTP NA NA 66 (±10) 11 3(±24) 
n=7 n- 8 
HSPV 98 (±10) 159 (±32) 84(± 15) 109 (±29) 
n=8 n=IO n=8 n= IO 
TSPV 114 (±36) 11 3(±25) 41 (±17) 58 (±13) 
n=9 n 9 n=7 n=8 
the anode and toward the cathode), reaching a peak off-
set response (Fig. 1 region C) before returning to base-
line levels by the end of the trial (Fig. 1 region D). The 
amplitude of OTP change to GYS offset was similar in 
magnitude to that for GYS onset, that is, the magnitude 
of a subject's decay of OTP is similar to that of their 
adapted overshoot of OTP (see Fig. 1). Surface GYS 
also produced torsional nystagmus, with slow phases di-
rected towards the anode and away from the cathode. 
Four measures were used to summarise all subjects' 
3-D oculomotor responses. The average of 30 s of data 
10 s after the onset of GYS was calculated ("onset", cor-
responding to region A in Fig. 1). Similarly, 30 s of data 
10 s after the offset of GYS was averaged ("offset", cor-
responding to region C in Fig. 1). The "maintained" re-
sponse was calculated as the average of 30 s of data 
commencing 250 s after the onset of GYS (correspond-
ing to region B in Fig. 1), and the "final" response was 
calculated as the average of 30 s of data commencing 
250 s after the offset ofGYS (corresponding to region D 
in Fig. I). Figure 2 shows the average response and asso-
ciated 95% confidence intervals for horizontal, vertical 
and torsional slow phase velocity (SPY) and OTP, for all 
subjects in experiment 1. Averages and 95% confidence 
intervals for the four time periods of interest, as de-
scribed above, are also shown in Fig. 2. 
In the FIX OFF condition (Fig. 2 left half) there was a 
substantial change in OTP and torsional SPY in response 
to GYS, as described above. In addition , GYS produced 
horizontal nystagmus, with the SPY directed towards the 
anode and away from the cathode (Fig. 2). In this condi-
tion there was very little vertical velocity response ob-
tained to GYS. There was no significant change in verti-
cal eye position, but there was a deviation in horizontal 
eye position, towards the anode and away from the cath-
ode (i.e. to the right in this instance) in response to GYS 
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Fig. 2 Average eye-movement responses and associated 95% con-
fidence intervals for (rows) OTP, horizontal SPV, vertical SPV and 
torsional SPV for a ll ten subjects in the FIX OFF (left half) and 
FIX 0 (right half) conditions (columns). The averages for the 
time periods of interest ("onset", "maintained", "overshoot" and 
"final", in chronological order) arc superimposed as vertical black 
lines. The horizontal bars indicate the presence and the strength of 
the galvanic stimulus. Note that, since confidence intervals arc 
calculated using n= I 0 (subjects) in this figure, the range indicated 
by the confidence intervals is not directly comparable to that 
shown in Fig. 4 
onset in darkness, with a corresponding overshoot in 
horizontal position at stimulus offset. Horizontal and 
vertical eye position responses are not analysed any fur-
ther, due to subjects being directed by the experimenter 
to return their gaze to a central position when there was 
no fixation light present. 
In the FIX ON condition (Fig. 2 right half), the fixa-
tion light suppressed horizontal and vertical eye move-
ments to negligible levels, thus making it possible to iso-
late the torsional position and velocity components of 
the eye-movement response evident in all subjects. Al-
though the magnitude of the OTP response tended to be 
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Fig. 3 Individual 3-D eye-movement traces for all ten subjects 
during 5 rnA CLAR surface GVS in darkness (FIX OFF, left half) 
and during fixation (FIX ON, right half). Subjects I through I 0 
arc arranged in numerical order, top to bouom then left to right. 
Due to the high degree of conjugacy of the oculomotor response to 
GVS (Fig. I), traces here show the left-eye response only, for clar-
ity. The orange hori=ontal bars represent the presence and the 
strength of the galvanic stimulus 
larger with fixation than in darkness, this difference was 
not statistically significant (?>0.05), due to the high de-
gree of variability between subjects. With fixation, GYS 
also produced a change in ocular torsional velocity, with 
the slow phase directed towards the anode and away 
from the cathode. Again, although the magnitude of tor-
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sional SPY tended to be smaller with fixation than in 
darkness, the difference was not statistically significant 
(P>0.05) due to the considerable variability in responses. 
A modified Prony method (Osborne and Smyth 1995) 
was used to fit exponentials in order to determine time 
constants for the decay of response to the onset and off-
set of the galvanic stimulus (Table 1). Our algorithm as-
sumed that, at the end of a sustained period of stimula-
tion (or long after stimulus offset), the response had de-
cayed to an asymptotic value (the "maintained" or "fi-
nal" response), but there were no constraints on these 
values. Horizontal and vertical eye position were not in-
cluded in this analysis, nor were time constants calculat-
ed for OTP (in darkness) or for vertical SPY (in either 
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Fig. 4 Average eye-movement responses and associated 95% con-
fidence intervals for OTP. horizontal SPY, vertical SPY and tor-
sional SPY for two subjects over five repeats each (rows), in the 
FIX OFF (left) and FIX ON (right) conditions (columns). The av-
erages for the time periods of interest ("onset", "maintained", 
"overshoot'' and "final", in chronological order) are superimposed 
as vertical black lines. The hori:::ontal bars indicate the presence 
and the strength of the galvanic stimulus. Note that, since confi-
dence intervals are calculated using n 5 (repeats per subject) in 
this figure, the range indicated by the confidence intervals is not 
directly comparable to that shown in Fig. 2 
condition), as these responses showed no significant de-
cay. In addition, individual subjects were excluded from 
these calculations if their response did not show substan-
tial decay. Time constants for those responses wrucb 
showed a significant decay were of the order of 1.5 min. 
Calculating the time constant of decay in data of this 
kind can be problematic. The relationship between the 
galvanic vestibular stimulus and complex eye-movement 
responses is not as straightforward as observed in elec-
tronic or thermal systems. A number of factors influence 
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the adequacy of the fit. including the fact that eye-move-
ments come from multiple sources and different compo-
nents interact in complex ways. Time constants derived 
from this kind of data can be no more than approxima-
tions and little can be concluded from comparisons be-
tween the various eye-movement components, between 
the conditions of fixation or between stimulus onset and 
offset. 
Between-subject comparisons 
Notwithstanding the similarities just described, the eye-
movement response to GVS tended to vary markedly 
across subjects. The peak values of OTP and horizontal 
and torsional SPY varied greatly across subjects. In addi-
tion, the proportions of these eye-movement components 
show no consistent relationship between subjects 
(Fig. 3). In addition. although subjects tended to demon-
strate similar rates of decay and adaptation of torsional 
eye movements to GVS, the magnitudes of the decay and 
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Fig. S The 3-D eye-movement response traces for two subjects 
(columns) in five repeated sessions (rows) dunng 5 rnA CLAR 
surface GVS in darkness (FIX OFF, left half) and during fixation 
(FTX ON, right half). As the responses were highly conjugate, on-
ly the left-eye traces arc shown here, for clarity. The orange hori-
=ontal bars represent the presence and the strength of the galvanic 
stimulus 
adaptation varied substantially across subjects. Further-
more, there seems to be no simple relationship between 
the magnitude of decay/adaptation and the magnitude of 
the peak amplitudes of the eye-movement components, 
even within subjects (Fig. 3). 
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Experiment 2: repeatability 
As in experiment I , four measures ("onset", "main-
tained", "offset" and "final") were used to summarise 
subjects' 3-D oculomotor responses. Averages and 95% 
confidence intervals for these measures are shown in 
Fig. 4, superimposed on the continual averages and 95% 
confidence intervals for horizontal, torsional and vertical 
SPY, and OTP. 
Once again, responses to GVS varied between sub-
jects. There was substantial difference between the two 
subjects in the peak values of OTP and horizontal and 
torsional SPV. In addition, there was considerable differ-
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Fig. 6 Amplitude of the 
3-D eye-movement response 
components (indicated by dif-
ferent colours: black OTP. red 
horizontal SPY, green vertical 
SPY, blue torsional SPY) to sur-
face GYS in ten subjects ('vari-
ability') and two subjects over 
five repeated trials ('repeatabili-
ty') at a representative moment 
("onset" response in darkness). 
A comparison of eye-movement 
response components within 
subjects (right half) shows re-
peatability of the relative ratios 
of these components and little 
within-subject variability in 
magnitude between trials. How-
ever, greater variability can be 
seen between subjects (left half), 
both in terms of overall magni-
tude and in terms of the relative 
ratios of response components 
VARIABILITY 
.. 
... 
7-
e-
s-
~­
,.. 
ence between the two subjects in the ratios of the magni-
tudes of these eye-movement components. 
Within-subject comparisons 
There was some variability in oculomotor responses to 
GVS within subjects. Each subject's peak values of OTP 
and horizontal and torsional SPV varied somewhat be-
tween trials. There was also some within-subject vari-
ability in the relative proportions of these eye-movement 
components. The variability observed within subjects 
was, however, much less marked than the variability ob-
served between subjects. The relatively large between-
subject variability and relatively small within-subject 
variability can be seen in the raw data in both the 
FIX OFF and FIX ON conditions (Fig. 5), and is summ-
arised in Fig. 6. 
Between- vs within-subject variability 
Analysis of variance was carried out for experiment 
(the factor being "Subject") and individually for each 
subject in experiment 2 (the factor being "Repeats"). A 
comparison of the results of these analyses showed that 
the F ratios of the results of experiment 1 were, on aver-
age, 2.6 times greater than the F ratios for experiment 2. 
This indicates that the magnitude of response alone var-
ies more than twice as much between subjects as it does 
within subjects over repeated trials. We have been unable 
to quantify satisfactorily the difference in variability in 
the relative ratios of response components between sub-
jects to within subjects, however, Fig. 6 shows the reli-
ability of within-subject responses over repeated trials 
when compared to between-subjects responses. For ex-
ample, subject 4 shows a large OTP change in response 
to GVS (in darkness) in all repeats, and this response is 
REPEATABILITY 
·-
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Repeats 
accompanied in all repeats by a relatively minimal 
amount of nystagmus in all three dimensions. In compar-
ison, subject 6 shows a larger overall response to GVS 
onset (in darkness), with a large OTP response accompa-
nied by substantial horizontal and torsional SPV but with 
negligible vertical nystagmus. The ten normal subjects in 
experiment 1 show a wide variety of patterns of respons-
es to GVS onset (in darkness), from those with systemat-
ic changes predominantly in SPV (for example, sub-
jects 5 and 9), from those with systematic changes pre-
dominantly in eye position (for example, subject 4), to a 
combination of these (for example, subjects 3 and 7). 
Further, subject 4 shows both little decay and little over-
shoot of the response to onset of GVS, either in darkness 
or with fixation (Fig. 5), in all repeats, whereas subject 6 
shows both significant decay and overshoot in eye-
movement response to GVS in both conditions (Fig. 5) 
in all repeats. Again, the ten normal subjects in experi-
ment 1 show variability in the amount of decay and over-
shoot of their eye-movement response (Fig. 3), from 
those who show almost no decay at all and minimal 
overshoot (for example, subjects 3 and 4), to those who 
show a relatively moderate amount of decay and over-
shoot (for example, subjects 1 and 8), to those whose re-
sponse decays almost to zero during GVS followed by a 
relatively large overshoot on offset of GVS (for example, 
subject 7). 
Discussion 
The present study has confirmed previous findings that 
there is substantial between-subject variability in re-
sponses to GVS. The results of the present study also 
show that oculomotor responses are more reliable within 
subjects than might have been anticipated and that. 
therefore, GVS may be more reliable than previously 
thought. This was able to be shown because of the im-
provements in GVS delivery techniques, eye-movement 
recording system and stimulus parameters employed in 
this study. Other research has tended to highlight only 
the large between-subject variability in responses to 
GVS, and this is probably because, in general, studies 
have tested different subjects at each session, rather than 
testing the same subjects over repeated sessions. 
The variability that can be seen within subjects seems 
to be characterised by changes in the overall amplitude 
of the eye-movement response. That is, the magnitudes 
of OTP, torsional SPV and horizontal SPV may all in-
crease or decrease together from trial to trial, but do not, 
within any subject, seem to vary independently of one 
another. In other words, the pattern of responses, or ratio 
of eye-movement response components, is consistent 
within a subject. The variability which does occur on re-
peated presentations is most likely a result of subject 
arousal or fatigue, or inconsistencies in test administra-
tion such as the placement of electrodes, irregularities in 
current level, etc. 
Since there is this within-subject variability in the 
gain of the response, at least as much variability in gain 
must be present between subjects. However, variability 
in gain is expected to be greater overall between subjects 
than within subjects. This is because between-subjects 
comparisons also include another potential source of 
overall gain variability between subjects (viz. subject 
sensitivity to GVS). Our results show that the variability 
is greater between subjects than within. However, the 
difference in variability between Between-Subject and 
Within-Subject comparisons is much greater than has 
typically been seen in response to natural stimuli. Re-
sponses to natural stimuli (such as head rotation) tend to 
have smaller variability due to individual differences be-
cause subjects do not tend to differ greatly in factors af-
fecting the response, such as the orientations of their ca-
nals (Schneider et al. 2000). 
The variability between subjects is not only larger 
than that within subjects, but also of a different kind. Be-
tween-subject variability comprises the small changes in 
gain, which result from such factors as subject sensitivi-
ty, but also large differences in the ratio of eye-move-
ment response components. This leads to the conclusion 
that there is some factor that varies across individuals 
but is unchanging within individuals and contributes sig-
nificantly to the variability in GVS responses. Since re-
sponses to natural stimuli show little between-subject 
variabi lity, then these responses cannot be affected by 
the source of large intersubject variability seen here. 
These results lend weight to the suggestion that large 
between-subject variability in response to GVS is affect-
ed by some factor that varies across individuals. The 
present results show that the response to GVS is reliable 
within subjects. Therefore, the factor influencing vari-
ability between subjects in GVS is relatively unchanging 
within subjects. That is, eye-movement responses to 
GVS are affected by individual differences to a greater 
degree than other influences (such as differences be-
tween test sessions or subject sensitivity). 
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Individual differences in responses to GVS are remi-
niscent of individual differences in responses to caloric 
vestibular stimulation. For example, Proctor and Glackin 
(1985) found greater variability across subjects than day-
to-day variability within subjects for caloric and postro-
tatory test scores. Responses to stimuli like calories and 
GVS may be more variable across individuals because 
there has been no advantage to evolving a useful re-
sponse to them. This is in contrast to natural stimuli, 
such as tilts and rotations, to which normal humans show 
a similar, beneficial compensatory response. In addition, 
calories and GVS are quite different to natural stimuli 
because they can stimulate endorgans in unusual ways, 
producing patterns of activity in various endorgans 
which would be impossible to match with natural stimu-
li . Individuals can be expected to interpret the resulting 
ambiguous or contradictory patterns of sensations in dif-
ferent ways. Another source of variabil ity may arise 
from the fact that subjects have had no experience with 
these novel stimuli. 
Responses to caloric stimulation are also thought to 
be influenced by individual differences in morphology of 
the vestibular system. The structure and orientation of 
the organs in the temporal bone, and characteristics such 
as density/pneumatisation of the temporal bone, are be-
lieved to influence thermal conductivity, which is crucial 
to differences in the pattern of eye-movement response 
in the caloric vestibular test. One study estimated that 
23% of variability in responses to calories in a normal 
population could be attributed to a combination of ana-
tomical characteristics (pneumatisation of the petrous 
and buttress areas of the temporal bone and dimensions 
of the auditory canal) affecting heat flow in the vestibu-
lar system (Proctor 1982). Similarly, individual differ-
ences in the morphology of the vestibu lar system entail 
individual differences in impedance throughout the ves-
tibular system, thus affecting how the current delivered 
at the surface influences each endorgan, and the resulting 
pattern of eye-movement responses. 
The present study showed that 3-D eye-movement re-
sponses to long-duration, maintained, large-amplitude, 
bilateral, surface GVS show good within-subject repeat-
ability, while confinning that there is substantial be-
tween-subject variability, both in the size of the response 
and in the ratio of response components. This is perhaps 
due to individual differences in morphology, resulting in 
idiosyncratic patterns of stimulation of the endorgans 
and concomitant eye-movement responses. Thus, GVS 
may be a more reliable stimulus than has been anticipat-
ed from the literature. 
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3.3 FOLLOW UP 
3.3.1 AXIS OF EYE ROTA TlON 
A good way to visualise and assess the between-subject variability and within-subject 
reliability of velocity responses to GVS is to calculate and plot the axis of eye velocity on a 
sphere plot. The axis of eye velocity is perpendicular to the plane in which the eye is 
moving. The axis of eye velocity can be plotted as points where the axis intersects the 
surface of the sphere. Eye velocities in the horizontal direction are represented as points 
where the Z axis emerges. Eye velocities in the vertical direction are represented as points 
where the Y axis emerges. Eye velocities in the torsional direction are represented as 
points where the X axis emerges. The axis of the velocity response to maintained surface 
GVS is often a combination ofhorizontal, vertical and torsional responses and is plotted as 
intermediate points. The X, Y, and Z axes are defined in Figure vii. 
The axis of eye rotation is normalised in that information regarding the absolute magnitude 
of response is removed in favour of ratios of the various spatial components of horizontal 
vertical and torsional slow phase velocity. The axis of eye-rotation is therefore 
independent of much of the variability in overall response magnitude from factors such as 
fatigue, arousal and attention, and from variables that influence the overall effectiveness of 
GVS, such as variation in impedance and current path arising from differences in 
morphology. It is not so surprising that different subjects show different overall 
sensitivities to GVS. 
The differences in the ratio of the various eye-movement response components are more 
interesting because they might provide some in formation about how and where GVS acts. 
Another indicator of the action of GVS can be provided by the comparison of the axis of 
eye rotation and the functional axes of the sees (red lines). These functional positive and 
negative (n) axis are orthogonal to the average planes of each of the left (L) and right (R), 
lateral (L), anterior (A) and posterior (P) canals are derived from the average orientation 
measured stereotaxically in 1 0 human skulls (eurthoys, Blanks, & Markham, 1977). The 
variability in the orientation of the sees for these 10 skulls is represented as elliptical 95% 
confidence regions around each average canal axis. 
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Figure 3.1 · A plot of the axis of eye velocity for 1 0 subjects (points of one colour each), 
with no fixation, during the first minute of maintained bilateral bipolar (CLAR) surface 
GVS at 5mA, shows large individual differences in the axis of eye-rotation. This 
shows that the relative proportions of horizontal, vertical and torsional slow phase 
velocity vary markedly between subjects 
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Figure 3.2 A plot of the axis of eye velocity for one subject on 5 different occasions 
(points of one colour for each occasion), with no fixation, during the first minute of 
maintained bilateral bipolar (CLAR) surface GVS at 5mA, shows much smaller 
differences in the axis of eye-rotation. This shows that the relative proportions of 
horizontal, vert1cal and torsional slow phase velocity vary little within subjects. 
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3.3.2 VARIABILITY OF RESPONSES TO 'NATURAL' STIMULI 
Meaningful claims about the variability of oculomotor responses to maintained surface 
GVS are often made in comparison with anecdotal evidence or from unmatched 'natural' 
stimulus variables (e.g. duration and magnitude). The variability of the normal gain of the 
yaw angular VOR to abrupt unpredictable stimuli such as those delivered during head 
impulse testing (Halmagyi et al., 1990) is low for normal healthy subjects, most of whom 
can produce a compensatory eye movement around the appropriate axis and with near 
unity gain. The variability in response to these large (thousands of degrees/sis) magnitude 
angular accelerations, and to short duration stimuli lasting a few milliseconds, are however 
a poor choice for comparison with the variability to the modest and maintained stimulation 
by surface GVS. A comparison with the variability of response to small magnitude 
maintained inertial vestibular stimuli is presented here in order to compare the variability 
of responses to more similar 'natural' and electrical stimuli. 
The first 'natural' inertial stimulus used for this purpose was off-axis rotation 
(centrifugation) which produces a combination of canal and otolith stimulation. Each of 
ten subjects was seated upright on a fixed-chair human centrifuge at a radius of lm such 
that their left ear was closest to the centre of rotation. The subjects were tested in darkness 
but for a fixation LED at 1m in front of them. After 2 minutes of baseline eye movement 
measurement using VidEyeO 5 (discussed at length in Appendix 2), subjects were 
accelerated by 5°/s-2 to 172°/s-1• At constant velocity an interaural centripetal acceleration 
of 9m/s·2 was maintained for 4 minutes. The subjects were then decelerated back to 0°/s-1 
by 5°/s-2 for another 4 minutes of eye movement measurement at rest. 
Figure 3.3 A subject arranged for the measurement of oculomotor responses during a 
combination of canal and otolith stimulation on a fixed chair human centrifuge. 
The second 'natural' inertial stimuli used for this purpose was a maintained static roll tilt 
paradigm which produces maintained otolith stimulation. Ten subjects were each seated in 
a motorised roll tilt chair complete with straps and supports at the head, shoulders, arms, 
hips, thighs and feet. The subjects were tested in darkness but for a fixation LED at lm in 
front of them. The test began with 2 minutes of baseline eye movement measurement 
using VidEyeO 5, followed by a slow roll tilt by 2°/s-1 to 67° right ear down. This static 
roll tilt position producing an interaural gravitational acceleration of9m/s·2 was maintained 
for 4 minutes. The subjects were then roll tilted back to the upright position, again by 2°/s-
1 for another 4 minutes of eye movement measurement at rest. 
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Figure 3.4 A motorised tilt chair tilted (left) and a subject arranged for the 
measurement of oculomotor responses during maintained otolith stimulation during 
static roll tilt (right}. 
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Results showing the between-subject variability in response to these 'natural ' inertial 
stimuli are shown in Figures 3.5 and 3.6. There is significant variability in the magnitude 
and temporal characteristics of the oculomotor response to maintained surface GVS (300s 
at 5mA CLAR) (left two columns), to a combination of canal stimuli and otolith stimuli 
during centrifugation (middle two columns) and to mainly otolith stimulation during a 
static roll tilt paradigm (right two columns). Although there are strong similarities in 
response characteristics between subjects there are also huge within-subject differences 
including T POS magnitude, torsional variability, and magnitudes of the slow phase 
velocity responses. 
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Figure 3.5: A comparison of the variability in raw data traces of oculomotor response 
for 10 normal human subjects during GVS (left third), during centrifugation (middle 
third), and during roll tilt (right third). 
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Figure 3.6: A comparison of the variability as mean and 95% confidence interval for 
the 10 normal human subjects during GVS {left third), during centrifugation (middle 
third), and during roll tilt (right third). 
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3.3.3 TIME CONSTANT OF ADAPTATION AND RECOVERY 
Calculating the time constant of the decay of oculomotor responses over hundreds of 
seconds was not trivial. Without any constraint, a simple exponential fit produced rather 
irrational solutions such as time constants in days or large asymptote values not related to 
the magnitude of the galvanic response or baseline values. 
In order to produce sensible fits we used a modified 'Prony' method for fitting 
exponentials (Osborne & Smyth, 1995) and forced the algorithm to assume that, at the end 
of a 300 second period of sustained stimulation (or at least 300 seconds after stimulus 
offset), the response had decayed to an asymptotic value. There were however no 
assumptions made about the magnitudes of these "maintained" or "final" asymptote values 
that were calculated by averaging the last 30 seconds of data for each condition. 
Horizontal and vertical eye position were not included in this analysis, nor were time 
constants calculated for OTP (in darkness) or for vertical SPY (in either condition), as 
these responses showed no significant decay. In addition, individual subjects were 
excluded from these calculations if their response did not show substantial decay. The 
results from this procedure suggested that the time constants for decay and for the recovery 
from adaptation to GYS are similar and are in the order of 100 seconds. The time 
constants derived from this kind of complex data are however, only approximations. 
The most compelling evidence for the suitability of the methods used to fit exponentials to 
our data may follow from the subjective inspection of the results superimposed on the raw 
data traces. Such a comparison with a subjective ' eye ball' fit may seem crude, but in 
some ways, the most powerful tool at our disposal for the recognition of patterns and 
trends is the human brain. Figure 3.7 shows the raw T position, H SPY, T SPY data and 
superimposed modified 'Prony' fits (red) for each of the 10 subjects. 
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Figure 3.7 Raw T position, H SPV, T SPV data and superimposed modified 'Prony' fits 
(red) for each of the 10 subjects. 
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3.4 RELEVANCE TO THE LITERATURE 
REVERSAL OF RESPONSE AT STIMULUS OFFSET 
Zink et al. (1998) did not observe significant overshoots at stimulus offset for galvanic 
stimuli delivered for short (5 s) durations. In MacDougall et al. (2002) we discussed the 
period required for eye-movement responses to adapt (time constants of hundreds of 
seconds) and how this relates to reversal of the response at stimulus offset. We are 
therefore not surprised by this lack of observed reversal of responses by Zink et al. (1998) 
with such short-duration stimuli. 
In Dieterich et al. (1999) a reversal of responses at stimulus offset was observed in 5 ofthe 
11 patients tested but seems quite transitory and variable: "purely torsional in two, mixed 
torsional-horizontal or torsional-vertical in another two, and purely horizontal in one" (p. 
3286). This hyperactive response is attributed in the paper to "synaptic mechanisms 
involved in the central compensation of peripheral vestibular failure in animals" or 
"degeneration super sensitivity", or "receptor-up-regulation", or "increased 
neurotransmitter release" (p. 3287). 
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CHAPTER4: LINEARITY, SYMMETRY AND ADDITIVITY OF THE EYE 
MOVEMENT RESPONSE TO MAINTAINED SURFACE GVS 
4.1 INTRODUCTION 
Having established that the eye movements produced by GVS are reliable (although 
idiosyncratic) we proceeded in 2001 with a major study that aimed to characterize a 
number of other basic features of the response in normal human subjects. These features 
include the linearity of the relationship between the magnitude of eye-movement response 
in the GVS current level; the symmetry of the eye-movement response to stimulation of 
different sides or with different polarities; and the additivity of responses to unilateral and 
bilateral stimulation. 
These experiments form the basis of the following publication: 
MacDougall, H. G., Brizuela, A. E., & Curthoys, I. S. (2003). Linearity, symmetry and 
additivity of the human eye-movement response to maintained unilateral and 
bilateral surface galvanic (DC) vestibular stimulation. Experimental Brain Research. 
148: 166-1 7 5. 
CONTRIBUTIONS 
The Experimental Design and Rationale was developed by Hamish MacDougall. 
Development of the Galvanic Stimulation Apparatus was done by Ian Curthoys. 
Development of the Video Eye Movement Analysis System was done by Harnish 
MacDougall, and Ian Curthoys. 
Subject Testing was conducted by Hamish MacDougall. 
Subject Participation included Hamish MacDougall and Ian Curthoys. 
Data Processing and Statistical Analysis was largely done by Hamish MacDougall with 
help from Agatha Brizuela. 
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Abstract Recent studies have shown that, although 
responses to long-duration, constant-current surface gal-
vanic vestibular stimulation (GVS) show substantial 
interindividual variability, individual subjects show a 
reliable, repeatable, idiosyncratic oculomotor response 
pattern to GVS. It follows that GVS may be a more 
reliable stimulus than may have been anticipated from the 
literature. The aim of the present study was to examine 
the metrics of 3D eye-movement responses to maintained 
(120 s), unilateral and bilateral surface GVS. Eye 
movements were measured using computerised video-
oculography. Two experiments were conducted: Experi-
ment I examined whether the normal response is linear 
over increasing levels of current; and Experiment 2 
examined (I) whether the normal response to surface 
GVS is symmetrical when comparing stimulated sides, (2) 
whether the normal response to surface GVS is symmet-
rical when the polarity of the stimulating current was 
reversed, and (3) whether there is additivity in the normal 
response to combinations of unilateral/bilateral surface 
GVS. Five subjects participated in Experiment 1 and eight 
subjects participated in Experiment 2. In both experi-
ments, the onset of stimulation produced characteristic 
eye-movement responses: changes in torsional position 
with the upper pole of both eyes rolling towards the anode 
and away from the cathode; together with horizontal and 
torsional nystagmus with slow phases towards the anode 
and away from the cathode; and negligible vertical 
nystagmus. These responses reversed direction at stimulus 
offset. In the fixation condition of Experiment I, the 
magnitude of ocular torsional position (OTP) and tor-
sional nystagmus responses showed a linear relationship 
over conditions of increasing current strength, as did 
OTP, torsional and horizontal nystagmus responses in 
darkness. The results of Experiment 2 showed that 
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responses to unilateral stimulation are symmetrical 
between stimulated sides, symmetrical between stimulat-
ing polarities, and additive (with respect to responses to 
bilateral stimulation). The principles derived from these 
findings, as well as those of recent studies, provide a 
foundation for future work investigating eye-movement 
responses to surface GVS in patients with known types of 
vestibular dysfunction. 
Keywords Galvanic vestibular stimulation (GVS) · 
Labyrinth · Eye movement · Linearity · Symmetry 
Introduction 
Applying galvanic current by large-surface electrodes 
placed on the skin over the mastoids produces sensations 
of dizziness by activating the vestibular system. Goldberg 
et al. ( 1984) showed that, in animals, cathodal galvanic 
stimulation results in activation of vestibular afferents and 
anodal stimulation results in their inhibition, through an 
action at the spike trigger zone of primary afferents. 
Unlike many other vestibular stimuli, such as tilts and 
translations, galvanic vestibular stimulation (GVS), like 
caloric or click stimulation, can be applied unilaterally, 
and may, therefore, ultimately be used to compare 
vestibular function between healthy and affected sides 
in patients. Many studies have sought to determine the 
usefulness of GVS in a clinical diagnostic setting (e.g. 
Pfaltz 1969; Coats 1972; Watanabe et al. 1985). Some 
have measured horizontal eye movements using nystag-
mography (Straub and Thaden 1992) or torsional eye 
movements using video-oculography (Kleine et al. 1999; 
Schneider et al. 2000); others, postural responses such as 
body sway (Coats 1973; Magnusson et al. 1991), EMG 
(e.g. Britton et al. 1993; Watson et al. 1998b) or regional 
cerebral blood flow in vestibular cortex (Lobel et al. 
1998, 1999; Bense et al. 200 I). Responses to GVS have, 
however, been highly variable in both normals and 
patients. The overall high variability of the results of 
GVS initially led some researchers to discount the utility 
of GYS as a test of peripheral vestibular function at all 
(Blonder and Davis 1936; Pfaltz and Richter 1965). 
Recent research has shown that, although the 3D eye-
movement response to long-duration, large-amplitude 
GYS does vary substantially between normal subjects, 
these responses are highly reliable within subjects, 
showing idiosyncratic patterns in the relative proportions 
of eye-movement response components over repeated 
sessions (MacDougall et al. 2002). GYS is thus more 
reliable than might have been anticipated from earlier 
findings, and may yet provide the basis for clinical tests of 
vestibular function. Before testing patients, however, it is 
vital to understand as much as possible about character-
istics of the response to this stimulus in normals. 
The aim of the present study was to examine the 
metrics of 3D eye-movement responses to maintained, 
unilateral and bilateral surface GYS. In particular, this 
study sought to answer four questions. 
First, we sought to examine the nature of the 
relationship between stimulating current level (rnA) and 
the magnitude of 3D eye-movement responses in normals, 
both with and without fixation. This relationship is 
controversial because Zink et a!. (1997, 1998) found a 
non-linear relationship between GYS current and slow 
phase velocity (SPY) responses, which they observed 
only above 3 rnA. These non-linearities may result from 
the fact that very short stimuli of only 5 s duration were 
used and that SPY responses to smaller currents did not 
have time to build up to levels that the researchers could 
detect. Kleine et al. ( 1999), however, used sinusoidal 
bilateral GYS and found a linear relationship between 
GVS and both ocular torsional position (OTP) and 
torsional slow-phase velocity (TSPV; with visual sup-
pression of other components by fixation). 
Second, the present study sought to examine whether 
the normal 3D eye-movement response to surface GYS is 
symmetrical when comparing stimulated sides (i.e. left vs. 
right). Zink et al. ( 1997) presented 3D velocity responses 
(to short-duration GYS) from which some measure of 
lateral symmetry can be inferred. The issue of lateral 
symmetry is more explicitly addressed by Clarke and 
Engel horn ( 1998), who found a symmetrical response in 
ocular counterroll (OCR) from unilateral stimulation of 
each otolith; however, this finding was obtained with 
linear acceleration rather than with GYS. Third, the 
present study sought to examine whether the normal 3D 
eye-movement response to surface GYS is symmetrical 
when comparing polarities of stimulating current (i.e. 
anode vs. cathode). Data presented in Schneider et al. 
(2000) suggest some measure of symmetry in the 
response to anodal and cathodal phases of sinusoidal 
current; however, this can only be gleaned from the ocular 
torsion responses (as vertical and horizontal eye move-
ments were suppressed using visual fixation). 
Fourth, the present study sought to examine whether 
there is an additive relationship in OCR and the other eye-
movement response components to combinations of 
matched unilateral/bilateral long-duration surface GYS 
in normals. Clarke and Engelhorn (1998) studied the 
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unilateral testing of utricular function by rotating subjects 
at constant velocity around an axis that passes through 
one (unstimulated) utricle, to deliver a centripetal linear 
acceleration to the other utricle. They attempted to show 
the additive relationship of unilateral and bilateral 
stimulation by comparing the response to this unilateral 
linear acceleration with the response to a bilateral linear 
acceleration generated by roll-tilt. Although these two 
classes of stimuli are similar in terms of magnitude of 
interaural linear acceleration, they differ in a number of 
important ways, including the canal stimulation resulting 
from the dynamic phases of these stimuli, differences in 
the magnitude of nasa-occipital linear acceleration (from 
Coriolis effects on the centrifuge) and, most importantly, 
the differences in dorsoventral linear acceleration which 
are recognised by many authors (de Graaf et al. 1996; 
Merfeld 1996; MacDougall et al. 1999; Moore et al. 200 I) 
to contribute to the OCR response. Two experiments were 
conducted: the first experiment addresses the first of the 
above questions, and the second experiment addresses the 
remaining three. 
As in our previous study (MacDougall et al. 2002), 
Experiment 1 of the present study investigated the 
response to GYS both in the presence of fixation and in 
complete darkness. Results obtained in darkness permit 
an analysis of the complex, 3D eye-movement response to 
GVS, whereas the results obtained with a fixation light 
allow the isolation of torsional components by suppress-
ing vertical and horizontal nystagmus. The presence of a 
fixation light is known to significantly affect the eye 
movements of normal subjects. The presence of a fixation 
light largely suppresses horizontal and vertical nystag-
mus, and has been shown to reduce slightly the instability 
of torsional position (Enright 1990). In addition, Smith et 
al. ( 1995) have shown that, during on-centre rotation 
without fixation, the unsuppressed horizontal nystagmus 
tends to reduce or 'dump out' the OTP response, which is 
thought to be produced by the angular accelerations 
stimulating canals during these on-centre rotations (Smith 
et al. 1995). We chose to carry out all testing in 
Experiment 2 in darkness because, now that we have 
developed an understanding of the OTP response by 
comparison of the results with and without fixation, 
responses to GYS obtained in darkness are sufficient to 
allow interpretation of all the components of the eye-
movement response (and the function of their likely 
sources). Ultimately, results from this experiment will 
provide the normal control data for testing patients. 
Materials and methods 
Subjects 
Five subjects (three females and two males; mean age = 27 years, 
SD = 5.6 years) volunteered to participate in Experiment I. 
'Linearity' . Eight subjects (five females and three males; mean age 
= 45.9 year~. SD = 17.6 years) volunteered to participate in 
Experiment 2: ' Symmetry and Additivity' . No subject reported any 
history of vestibular dysfunction. All procedures were approved by 
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the University of Sydney Human Ethics Committee and all subjects 
gave infonned written consent. 
Galvanic ~timulation 
Galvanic stimulation was delivered via surface electrodes of 
approx. I ,000 mm2, individually cut from electrosurgical plating 
(split-plate patient return plating, model no. 7180: 3M Health Care, 
USA) generously coated with electrode gel (Spectra 360: Parker 
Laboratories, USA) and placed over each mastoid process (sec, e.g. 
Wat,on et al. 1998a). A custom-designed battery-powered isolated 
current stimulator was u~ed to deliver the desired current over a 
prolonged period. 
Electrode placement was always bilateral m Experiment I: 
'Linearity' (cathodal current delivered to the electrode over the left 
mastoid, anodal to the right mastoid's electrode - CLAR). In 
Experiment 2: 'Symmetry and Additivity', electrodes were again 
placed over the left and right mastoids, and an additional large-
surface-area electrode was placed over the vertebra prominens (C7) 
to act as a neutral (reference) electrode during unilateral stimulation 
conditions. For this reason. unilateral stimulation conditions are 
hereafter referred to only by their active electrode (e.g. 'AR' refers 
to ·anode right cathode CT). In this experiment, stimulation was 
unilateral in four conditions and bilateral in the remaining two 
conditiOns (see 'Procedure'). 
In our prcviou~ study (MacDougall et al. 2002) we used 
galvanic stimulation lasting 300 ~and recorded offset responses for 
another 300 s. in order to investigate adaptation. This study ~howed 
systematic and significant decays of the eye-movement responses 
to mamtained GVS with time constants of hundreds of seconds and 
a large overshoot or reversal of respon~cs at stimulus offset. Since 
the present study aims to compare a number ( 11-13) of stimulus 
and offset conditions of different amplitudes or of different 
polarities and sides of stimulation, it was necessary to reduce the 
duration of the stimuli, and of the recovery period after stimuli, in 
order to keep the durations of whole test sessions within the limits 
of subject stamina. It is important to deliver all the stimuli to be 
compared in one test sess1on, to avoid contamination by within-
subject variables such as the subject's level of arousal and fatigue. 
Since responses to GVS adapt, overshoot, and recover with such 
long time constants, it was important for us to investigate the effect 
of an adapted baseline, or 'carryover' from a previous stimulus, 
through a relatively short recovery period, to the next stimulus 
response. To address the issue of 'carryover' effects we conducted a 
number of preliminary tcMs that systematically varied the adapted 
ba~ehne preceding a number of GVS condition~. Thi'> was done by: 
first, varying the duration (30 s, 60 s, 120 s, 240 s) of identical 5-
mA galvanic stimuli while holding the interstimulus interval 
constant at 120 s (see upper half of Fig. 1), and then varying the 
interstimulus interval (30 s. 60 s, 120 s, 240 s, 480 s) between 
identical 5-mA (120 s) ~timuli (see lower half of Fig. 1), and by 
varying the order of a sequence of unilateral and bilateral, anodal 
and cathodal stimuli. All these manipulations systematically altered 
the direction and magnitude of the adapted baseline preceding each 
GVS condition (by as much as 5 deg), but to our surprise none of 
them had any effect on the absolute magnitude~ of eye-movement 
responses to subsequent stimuli. This observation suggests that the 
adapted overshoots or reversals of eye movements at stimulus 
offset are immediately 'dumped', overpowered, or ignored by 
central processes and that there b no ·carryover' from previous 
conditions over a range of intcrstimulus intervals as short as 30 s. 
In this study we chose to gather. and average over, at least I 00 s 
of data at each baseline and stimulus condition because eye 
movements, especially in torsion, arc unqable (for instance there is 
a spontaneous oscillation of OTP of ±I deg over a period of as 
much as 60 s), so measuring OTP over short periods (<60 s) can 
result in a relatively large variation in the estimate of position (of as 
much as 2 deg, or more than enough to swamp the effects from 
GVS). An intcrstimulus interval of 2 min was also used to penn it an 
accurate assessment of offset responses, while allowing us to 
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Fig. 1 Two time series of the raw 3D eye-movement traces for one 
subjt:et (with fixation), in response to GVS. The strength and side 
of delivery of the stimulus are indicated on the plot by the cyan (left 
mastoid) or magema (right mastoid) hori;;:ontaf bars. The upper 
trace shows the systematic manipulation of baseline conditions by 
varying the duration of identical 5-mA stimuli. The first galvanic 
stimulus lasts 30 s and produces a small overshoot in OCR of about 
I deg. The second 60-s stimulus produces more adaptation and a 
larger overshoot of about 2 deg. The third 120-s stimulus produces 
again more adaptation and a larger overshoot of nearly 3 deg, etc. 
The second raw data trace shows the systematic manipulation of 
baseline conditions by varying the duration of the intcrstimulus 
interval (lSI) between identical 5-mA bilateral stimuli. The longer 
this lSI (30 s. 60s. 120 s. 240 sand 480 s) the greater the recovery 
of the overshoot back towards 0 deg (the initial baseline) and the 
smaller the amplitude of OCR baseline preceding each of the 120-s 
galvanic stimuli. A comparison of the absolute magnitude of 
responses to galvanic stimuli shows that there is no carryover effect 
from the adapted baselines 
deliver all the stimuli to be compared within one session, and 
without exceeding the limits of subject stamina. 
Procedure 
Drops of pilocarpine (used to constrict the pupil for vidco-
oculography) were administered to subjects' left and right eyes. 
then subjects were allowed to rest for 20 min, to allow the 
pilocarpine to take effect. Following the rest period, subjects 
donned the video headset required for continuous eye-movement 
recording (see below). Subjects were seated such that Reid' s line 
(the line joining the inferior margin of the orbit and the upper 
margin of the external auditory meatus) was held approximately 
earth horizontal. This is a standard position that is both comfortable 
and allows for comparable orientation of the otoliths across 
subjects. Head and shoulders were held firmly by padded supports. 
For Experiment I, testing was carried out both in darkness (FIX 
OFF) and with fixation (FIX ON). In the FIX ON session, subjects 
fixated a small light-emitting diode that was positioned 80 em 
straight ahead (i.e. at eye level and centred horizontally). The FIX 
ON session was always conducted first, fo llowed by FIX OFF, 
which was tested in a separate session, no less than 1 h and no more 
than I month later. Within a session, there were five conditions, 
each consisting of 2 min of eye-movement recording prior to the 
onset of GVS, followed by 2 min of recording during GVS 
delivery. At the end of 2 min of 'baseline' recording. the stimulator 
was simply switched on, delivering a stimulus of the desired 
amplitude with square-wave onset, left at this level and monitored 
for 2 min and then switched off (square-wave offset). An 
interstimulus interval of 2 min was used to permit an accurate 
assessment of the magnitude of offset responses (particularly in 
OTP). The order of conditions was a pseudo-random sequence: 
5 rnA, 3 rnA, I rnA. 4 rnA, and 2 rnA. Bilateral stimulation 
electrode placement was chosen for this experiment because 
bi lateral delivery generates larger eye-movement responses (Wat-
son et al. 1998a) to allow more effective analysis. Bilateral 
delivery, in effect, supplies twice as strong a stimulus as unilateral 
delivery in that this configuration is equivalent to delivering two 
unilateral stimuli simultaneously. The benefit of delivering a 
bilateral stimulus is that the proportion of the eye movements 
resulting from the GVS (signal) is larger in comparison with the eye 
movements resulting from other sources (noise due to the biological 
instability of eye movements, including spontaneous oscillations in 
OTP, voluntary fixation changes in darkness, etc.). Further, in this 
experiment, there is no reason to expect asymmetry of response 
from each side (see Experiment 2: 'Symmetry and Additivity'). 
For Experiment 2, all testing was conducted in darkness in a 
single session. There were six conditions, four conditions of 
unilateral stimulation followed by two conditions of bilateral 
stimulation. The order of conditions was: Anode Right Cathode C7 
(AR), Anode Left Cathode C7 (AL), Cathode Right Anode C7 
(CR), Cathode Left Anode C7 (CL). Cathode Left Anode Right 
(CLAR), Anode Left Cathode Right (ALCR). For each condition, 
eye movements were recorded for 2 min of baseline data prior to 
the onset of GVS. At the end of these 2 min, the stimulator was 
switched on at zero, and the current strength was manually 
increased to 5 rnA (in all conditions). The current was left at this 
level for 2 min, before being manually returned to zero, and then 
the stimulator was switched off. This was repeated until all 
conditions were completed. Manual adjustment of the current was 
gradual, taking an average of 5 s for a 5-mA change (increase or 
decrease). Ramp onset and offset of stimulation was chosen, rather 
than stimulation with square-wave onset and offset, because 
ramped delivery of current is more comfortable for more sensitive 
subjects. Since we will eventually be comparing the results of 
normals with those of patient~. and patient testing will require 
unilateral stimulation with ramp onset (similarly to this experi-
ment), we chose a procedure in this experiment with normals that 
we are confident that patients wi ll also be able to tolerate well. 
Synchronisation with our video eye-movement recording 
system was achieved using the audio channel on the videocassette. 
Each time the galvanic stimulator was energised, it emitted a click, 
which was recorded on the audio channel of the videocassette and 
converted into a synchronised "stimulus'' trace during the eye-
movement analysis. An electronic timer was used to signal the :.tart 
and end of the stimulation period to the operator and this signal was 
also recorded on the audio channel of the videocassette. 
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Eye movement measurement and analysis 
Eye movements were recorded u~ing video recording techniques 
based on those described previously (Moore ct al. 1991 , 1996). This 
method has a resolution of 0.1 deg of ocular torsion and the 
sampling rate was 30 Hz (NTSC frame rate). The pupils of both 
eyes were constricted by 2% pilocarpine hydrochloride (Chauvin 
Pharmaceuticals, UK); the eyes were illuminated with infrared light 
sources. Half-silvered ("hot") mirrors (Coolbeam, OCLI, Santa 
Rol>a) reflected a c lose-up image of the iral pattern onto a lipstick-
sized CCD camera (Panasonic WV -CD I E) while permitting the 
subject unobstructed vision. The cameras. mirrors and infrared light 
sources were mounted on thermoplastic masks (Polyflex II, Smith 
& Nephew) individually moulded to the subject's face and held in 
place by Velcro straps. This tight-fitting but comfortable "wrap-
around" mask minimised camera slippage relative to the eye. and 
comparisons of eye position at the start and end of the test show 
that there was no detectable camera slippage. 
All data were recorded onto S-VHS videotape using two VCRs 
and analysed after the test sel>sion. Eye position and velocity were 
processed for all three dimensions, giving a total of six possible 
measures (horizontal, vertical and torsional eye position and 
horizontal, vertical and torsional slow-phase velocity); however. 
result~ for horizontal and vertical eye position were not included in 
any analysis. as these responses are under the voluntary control of 
subjects. Due to the high degree of conjugacy of eye-movement 
responses to GVS (e.g. MacDougall et al. 2002), we chose to 
analyse data for each subject from the eye that had the best image 
(i.e. highest polar auto-correlation). The right-hand rule was used; 
that is, clockwise ocular torsional position and slow-phase velocity 
(clockwise from the subject's perspective) are positive; leftward 
horizontal position and slow-phase velocity arc positive; and 
downward vertical position and slow-phase velocity arc positive 
(Hixson ct al. 1966). At the start of each condition, reference 
images of both eyes were recorded while the subject gazed at the 
fixation point. The average value of the response measured during 
this period was taken as the baseline measure for each dimension 
for a particular subject and arbitrarily given the value of 0 deg 
(position measures) or 0 deg/s (velocity measures). 
Results 
Experiment I: ' linearity' 
General findings 
Surface GVS produced systematic eye-movement re-
sponses in all subjects. In response to the onset of GVS, 
the OTP of all subjects rolled in the positive direction (i.e. 
upper pole of the eye rotated toward the anode and away 
from the cathode). GVS also produced horizontal and 
torsional nystagmus, with slow phases directed toward the 
anode and away from the cathode. This change in eye 
position and velocity generally reached a maximum 
magnitude soon after (30-130 s) stimulus onset, and then 
started to decay. At the offset of GVS, the OTP and 
nystagmus of all subjects reversed direction (i.e. the upper 
pole of the eye rotated away from the anode and toward 
the cathode, nystagmus with slow phases directed toward 
the cathode and away from the anode), reaching a peak 
offset response before returning towards the baseline 
levels (Fig. 2). Two measures were thus calculated in this 
experiment: onset responses (the average change in 
position and/or velocity over the 2 min of stimulation in 
each trial) and offset responses (the average change in 
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Fig. 3 Mean~ (centre white symbols), 95% confidence intervals 
(shaded regions) and individual traces of the OTP, HSPV. VSPV 
and TSPV responses to GVS for five subjects in Experiment l. The 
magnitude of the onset responses (dcg for OTP, dcg/s for H. V and 
T SPV) is plotted as a function of the strength of current delivered 
(mA), and the offset responses are plotted against the strength of 
the immediately preceding stimulus. The upper half of the figure 
shows responses obtained in the FIX OFF session, and the lower 
half shows the results obtained in the FTX ON session. In each plot, 
the responses to GVS onset are indicated by an unbroken line 
Experiment 2: symmetry and additivity 
Surface GVS onset produced characteristic eye-move-
ment responses in all subjects, as described above (i.e. 
OTP change towards anode/away from the cathode; 
torsional and horizontal nystagmus, both with slow 
phases directed toward anode/away from cathode, and 
negligible VSPV responses). In general, the magnitudes 
of responses to unilateral stimulation were smaller than 
those for bilateral stimulation. A time series of raw eye-
movement of a single subject's responses for the entire 
experiment is shown in Fig. 4; means and 95% confidence 
intervals for all subjects are shown in Fig. 5. 
Ninety-five percent confidence intervals were calcu-
lated to determine whether responses in all conditions 
were significantly different to zero (see Fig. 5). Only 
VSPV responses were found to be not significantly 
different to zero (in all conditions); therefore, VSPV was 
not analysed further. 
rnA 
(mean) and by the heavier-shaded region (confidence intervals). 
whereas the off~et responses are mdicated by dotted lines (mean) 
and by the lighter-shaded region (confidence intervals). The 
linearity of response magnitude with increasing current ~trength 
can clearly be seen, especially in the onset re~pon~es to GVS for 
OTP and TSPV in the presence of fixation. and for OTP, IISPV and 
TSPV in darkness. Note that the confidence intervals for OTP 
responses in the FIX ON condition arc inflated by the results of one 
subject, who shows a particularly <,trong OTP response to GVS 
For OTP, HSPV and TSPV, responses to unilateral left 
anodal stimulation were not statistically significantly 
different to those for unilateral right cathodal stimulation 
(Fig. 5). Similarly, OTP, HSPV and TSPV responses to 
unilateral left cathodal stimulation were not statistically 
significantly different to those for unilateral right anodal 
stimulation (Fig. 5). OTP, HSPV and TSPV responses for 
the pairs (CL and AR; vs. AL and CR) were. however, 
significantly different (in direction, but not magnitude) to 
one another (Fig. 5). 
Responses to bilateral stimulation were generally in 
the same direction but of different magnitude when 
compared to the responses recorded in c;eparate conditions 
of unilateral stimulation of the same components of that 
bilateral stimulus. That is, CLAR responses were in the 
same direction but not of the same magnitude as either CL 
or AR (for HSPV and TSPV, but not OTP; Fig. 5). ALCR 
responses were in the same direction but not of the same 
magnitude as either CR orAL for all three measures (for 
172 
9 
·-
6-
s· 
~­
s-
~ 
1· 
a· 
,. 
.. ., . Al 
FIX OFF 
c. (ll' 
............. 
~lilA .,.... 
LiliA /'. 
H SfV /'. 
VSPV /'. 
• sn- ..........._ 
9•, I I I I I I t I I I 
0 lOO 400 600 800 1000 1100 ' 400 1600 1100 1000 
t.-... ,, 
Fig. 4 Time serie~ of the raw 3D eye-movement traces for a single 
subject for the dur.ttion of Experiment 2. The strength and side of 
delivery of the stimulus are indicated on the plot by the cyan (left 
mastoid) or magenta (right mastoid) hori:.ontal bars 
HSPV and TSPV but not OTP, dumping; Fig. 5). The two 
bilateral stimulation conditions produced OTP, HSPV and 
TSPV responses that were different (in direction but not 
magnitude) to each other (Fig. 5). 
In order to be able to conduct a repeated measures 
analysis of variance (ANOV A) to assess questions of 
additivity and symmetry, responses in half the conditions 
(AL, CR and ALCR for OTP and TSPV; CL AR, and 
OTP 
:: 
~ ~ 
(~ 
Cl 
(ll,?. 
l l( ~ 
CLAR for HSPV) were inverted, in order to compare the 
magnitudes of these responses, irrespective of their 
direction. 
An ANOV A with repeated-measures contrasts was 
conducted with factors of laterality of stimulation, 
polarity of stimulation, and additivity of unilateral 
compared to bilateral stimulation. There was no differ-
ence in the magnitude of eye-movement response 
depending on the laterality (side) of stimulation for either 
OTP (F(t.7>=0.07, P=0 .80), HSPV (Fn.7>=0.22, P=0.65) or 
TSPV (F(I.?l=2.15, P=0.19). Similarly, there was no 
difference in the magnitude of eye-movement response 
depending on the polarity of stimulating current for either 
OTP (F(I .?J=4.0, P=0.09), HSPV (Fo.7>= 1.42, P=0.27) or 
TSPV (Fn,7>=1.04, P=0.34). Finally, the magnitudes of 
responses to bilateral stimulation were not significantly 
different to the sum of responses recorded in separate 
conditions of unilateral stimulation of the components of 
the bilateral stimulus for either OTP (Fo.7>=0.22, P=0.65), 
HSPV (F(I,?l=2.09, P=0.19) or TSPV (F0 .7J=0.07, 
P=0.80). 
Discussion 
The results of the present study show that unilateral 
surface GVS elicits systematic eye-movement responses 
that are similar in magnitude, whether stimulation is 
delivered to the left or right mastoid; and similar in 
magnitude, whether induced by anodal or cathodal 
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Fig. 5 Mean~ (hori:.ontal bars) 
and 95% confidence interval\ 
(error bars) of the OTP. HSPV, 
VSPV and TSPV responses to 
GVS for eight subjects m Ex-
periment 2. Results (deg, deg/s) 
are plotted on the abscissa, as a 
function of condition (on the 
ordinate). Significant responses 
were observed in all conditions 
for OTP, JISPV and TSPV, but 
VSPV responses were not dif-
ferent to zero in any condition. 
Symmetry in the magnitude of 
OTP. HSPV and TSPV (but not 
VSPV) responses can be ob-
served between the two mas-
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stimulation. Further, the magnitude of response to bilat-
eral stimulation is similar to the sum of the magnitudes of 
responses from separate delivery of unilateral stimulation 
of the components of the bilateral stimulus. That is, 
responses to unilateral stimulation are symmetrical 
between stimulated sides (or mastoids), symmetrical 
between stimulating polarities, and additive (with respect 
to responses to bilateral stimulation). 
In each subject, unilateral 5-mA cathodal stimulation 
of the left labyrinth produced horizontal slow-phase eye 
velocity to the right. Unilateral 5-mA anodal stimulation 
of the right labyrinth also produced slow-phase eye 
velocity to the right of comparable value. When these two 
separate unilateral stimuli were combined: bilateral 5-mA 
stimulation (cathode left, anode right), the bilateral 
stimulus produced horizontal slow-phase eye velocity to 
the right, the value of which was almost exactly the sum 
of the eye velocity produced by the two separate 
unilateral stimuli (see Fig. 5). We conclude that bilateral 
galvanic stimulation elicits responses, which are the sum 
of the effects of the two separate unilateral stimuli. That 
result has an interesting implication for the neural 
processing of bilateral, symmetricaiJy opposite stimula-
tion of the two labyrinths. 
Commissural interaction in the horizontal canal system 
between the two vestibular nuclei has been well docu-
mented since its discovery by Shimazu and Precht ( 1966). 
In brief, the axons of some excitatory type I horizontal 
canal neurons cross the midline and project to and excite 
type II neurons in the contralateral vestibular nuclei. Type 
II neurons are inhibitory, projecting to and inhibiting 
some ipsilateral type I neurons (cf. also Nakao et al. 
1982). The consequence is that horizontal canal stimula-
tion on one side not only facilitates horizontal canal 
neurons in the ipsilateral vestibular nucleus, but also acts 
indirectly, to inhibit type I neurons on the contralateral 
side. It has been assumed that the effect of such 
functionally inhibitory commissural interaction is to 
enhance the sensitivity (gain) of second order horizontal 
canal neurons to natural stimulation (e.g. Galiana et al. 
1984; see Curthoys and Halmagyi 1995 for a review). 
Some modellers (Orsmby 1974; Cannon and Robinson 
1985) have assumed that there is simple additivity of 
input from the two sides and that the function of the 
commissures is simple addition. However, others (Gali-
ana et al. 1984) have assumed that the commissures are 
not just additive, but are highly modifiable and function 
as multiplying elements so gains greater than 2 are 
possible. 
The results here are in agreement with an assumption 
of enhancement but point strongly to that functional 
"enhancement" being simple addition. If there had been a 
gain enhancement greater than simple addition, then one 
would have expected that bilateral stimulation should 
have produced a slow-phase eye velocity significantly 
greater than the simple sum of the eye-velocity responses 
to each separate unilateral stimulus. That was not the 
result obtained. Our additive result points to the function 
of commissural inhibition being simple summation, as is 
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in fact assumed in Minor et al.'s (1999) recent model of 
bilateral interaction in the horizontal canal system. This 
observation justifies the use of a linear addition of input 
from the two sides for use in biologically based neural 
network models. This observation is also consistent with 
some of our own data (Markham et al. I 977). which 
showed additivity of input in the horizontal canal system 
at the physiological level but which could not give any 
indication of additivity or otherwise at the behavioural 
level. 
The results of the present study also show that the 
onset of bilateral surface GVS produces reflexive eye-
movement responses that show a linear relationship over 
conditions of increasing current strength, at least over the 
range up to 5 rnA. The increase of OTP responses in 
conditions of fixation is about 0.75 deg/mA. In darkness, 
the increase of both OTP and torsional nystagmus is about 
0.5 deg/s per mA, whereas the gain of horizontal 
nystagmus is almost 1 deg/s per rnA. Responses to 
unilateral GVS would be expected to show linear 
relationships similar to those seen with bilateral stimula-
tion but with half the gain, since responses to bilateral 
GVS are effectively the sum of responses to unilateral 
GVS. Our findings of linearity do not contradict those of 
other authors, who found non-linear relationships of 
responses to stimuli of much larger effective magnitudes. 
For instance, non-linearities in response to the angular 
accelerations in thousands of deg/s delivered during a 
head-impulse test (Halmagyi and Curthoys 1988) are so 
large that an asymmetry in the ability to increase and 
decrease spontaneous firing rates is caused by the limit at 
zero spikes/s (Ewald 1892). These asymmetries do not 
appear over the much smaller GVS stimuli used in the 
present study, equivalent to just a few deg/s of angular 
acceleration, which would not be expected to modulate 
firing rates beyond a linear range. The use of galvanic 
vestibular stimuli of much larger amplitude which can be 
delivered in animal studies may also lead to asymmetries 
in responses by selectively silencing irregular afferents 
(Minor and Goldberg 1991 ). 
In the present study, responses to GVS offset were not 
found to show a statistically significant linear relation-
ship. This is in contrast to the findings of a statistically 
significant offset response in our recent study (Mac-
Dougall et al. 2002); however, the present results are most 
likely attributable to smaller amplitudes of offset re-
sponses with smaller stimuli (lower current amplitudes 
and unilateral delivery) and to comparatively short 
adaptation times. In our previous study (MacDougall et 
al. 2002) we showed that the decay of responses to GVS 
had time constants of up to 6 min. In the present study. we 
restricted each stimulation trial (in both experiments) to 
no longer than 2 min (both to ensure stability of pupil 
constriction over extended periods, and because of the 
demanding nature of the experimental design on sub-
jects). Had each stimulation trial in the present study been 
of the order of 5-6 min, responses would have had time to 
adapt substantially, and we would expect that GVS offset 
responses in both present experiments would have shown 
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the substantial overshoot typically seen with longer 
durations of stimulation and higher current intensities. 
In a previous study (MacDougall et al. 2002) we 
showed that temporal responses to surface GVS were 
systematic (i.e. responses tended to reach a peak soon 
after GVS onset and decayed to a maintained value; with 
the offset of GVS, responses reversed direction, reaching 
a peak offset response before returning to baseline levels 
by the end of the trial; OTP deviated towards anode/away 
from the cathode; both torsional and horiLontal nystagmus 
appeared with slow phases directed toward anode/away 
from cathode, accompanied by negligible VSPV respons-
es), and that, although there was considerable variability 
between subjects in the relative proportions of eye-
movement response components, each subject consistent-
ly displayed the same idiosyncratic pattern of eye 
movement. We have previously suggested that individual 
differences in the morphology of the vestibular system are 
likely to entail individual differences in impedance 
through the vestibular labyrinth (affecting how the current 
delivered at the surface influences each endorgan), as well 
as differences in central compensation for peripheral 
geometry, resulting in various patterns of eye-movement 
response (MacDougall et al. 2002). The present study 
adds a number of principles (linearity, symmetry, addi-
tivity) to our knowledge of the metrics of eye-movement 
responses to GVS. Taken together, the principles derived 
from these two studies provide a solid foundation for 
modelling the normal response to surface GVS; and such 
a model should, consequently, be able to accurately 
predict the responses to surface GVS in patients with 
known types of vestibular dysfunction. This type of model 
of the action of GVS will be vital for interpreting what we 
expect to be even more complex 3D eye-movement 
responses in a pathologically diverse vestibular patient 
population. 
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4.3 FOLLOW UP 
4.3. 1 ADDITIVITY - WITH FIXATION 
In this paper we also presented evidence for the simple addition of responses to unilateral 
and bilateral GVS conditions. We found that the magnitude of the T POS, H SPY, or T 
SPV responses to bilateral stimulation was not significantly different from the sum of 
responses recorded in separate conditions of unilateral stimulation. 
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Figure 4.1 The additivity of oculomotor response to unilateral and bilateral galvanic 
stimuli without visual fixation {left-hand plot) and with visual fixation (right-hand plot). 
Although this result was statistically significant, the additivity of unilateral and bilateral 
stimuli for the torsional position response was rather less obvious in the raw data traces 
(e.g. left hand plot of Figure 4.1 ). It was our belief that the torsional eye position response 
to unilateral and bilateral stimuli would be rather more clearly additive if it was measured 
using a fixation light that would suppress the horizontal nystagmus that tends to 'dump 
out' torsional position in a nonlinear fashion. For this reason we repeated the same series 
of unilateral and bilateral conditions but with fixation light present (e.g. right hand plot of 
Figure 4.1 ). This raw data trace (for the same subject) shows the suppression of horizontal 
nystagmus by visual fixation and a corresponding increase in the torsional eye position 
response. 
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Figure 4.2 The means (horizontal bars) of the T POS, H SPV, V SPV and T SPV 
responses to unilateral and bilateral galvanic stimuli with visual fixation. (see the right-
hand plot of Figure 4.1) 
The means (horizontal bars) of the T POS, H SPV, V SPV and T SPV responses to GVS 
for this data set above are plotted on the abscissa, as a function of condition (on the 
ordinate). Significant responses are evident in the conditions forT POS and T SPV, but H 
SPV and V SPV responses have been suppressed. Symmetry in the magnitude ofT POS, 
T SPV responses can be observed between the two mastoids receiving the stimulus, and 
between the two polarities of the stimulating current. It can also be seen that torsional 
responses in the unilateral conditions are now much closer to half the magnitude of the 
responses in the bilateral conditions. 
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4.3.2 CARRYOVER OF ADAPTATION 
In the materials and methods section of this paper (H. MacDougall et al., 2003) we 
addressed the potential for carryover of the adaptation from one 2-minute stimulus 
condition, through the 2-minute inter-stimulus interval (lSI), to affect the response to the 
next stimulus condition. Our conclusion, that there is no carryover effect from previous 
adaptation on the absolute magnitudes of eye-movement responses to subsequent stimuli, 
is very important to the analysis of much of the data presented in this thesis. For this 
reason a more detailed justification for this conclusion, than that wruch was possible in the 
paper, is presented here. 
We addressed this issue of carryover effects in the paper by inspecting some raw data 
traces from a number of prelimjnary tests in which we either: varied the duration (30 s, 1 
min, 2 min, 4 min) of a 5mA galvanic stimulus while holding the lSI constant (at 2 
minutes), or varied the lSI (30 s, 1 min, 2 min, 4 min, 8 min) between identical 5mA (2-
minute) stimuli. A comparison of the analysis of this eye-movement response data using 
difference scores and absolute magnitudes further demonstrates the lack of carryover 
effect. We also referred, in the paper, to evidence from the comparison of data obtained by 
varying the order of a sequence of unilateral and bilateral, anodal and cathodal stimuli. 
This comparison and its analysis by difference scores and absolute magnitudes will be 
presented here also. 
CHAPTER 4: Linearity, Symmetry and Additivity of the Eye-movement response to Maintained Surface GVS 62 
.. 
7-
6-
s-
4-
3-
2-
CL CR AL AR 
~1-
~~~--~~~~~~~~~~ [1-
·2-
3-
·-5-
6-
·1-
CRAL ARCL 
t-0 100 700 m 4/xJ sOO sOO lOO IJD m 1~ doo liD 1m 1l00 1Soo 1600 
.. 
7-
6-
AR 
5- --
AL CR 
runew 
CL ARCL CRAL 
!~1- ~~~~~~~~~~ 
lt 
2-
.J-
4-
s-
6-
7-
T POS /'... 
R rM /'... 
L<M 
.. 0 tOO 700 m .00 sOO sOO 700 In In 1~ n'oo tioo dn 10J 1s00 t600 
TuneW 
8-
6-
4-
2-
E o-
·2-
-4-
.o-
.a-
.a-
8-
6· 
·-2-
Eo-
·2· 
-4-
.o-
·8-
11-
6-
4· 
2-
Eo-
·2-
-4 · 
-6-
.a-
T POS Difference 
6 8 t'o 1'2 
Co:ndtlon 
TPOSAbsoUe 
6 8 1'o 12 
Ccroton 
T POS Dtference 
6 8 1'o 1'2 
Conol\Kln 
T POS. Absoue 
Figure 4.3 Two raw data traces that differ only in the order of the unilateral and 
bilateral st1mulus presentations (5mA, 120 s) Next to each raw data trace are bar 
graphs showing the two methods of analysis 'T POS: Difference' and 'T POS: 
Absolute'. 
Figure 4.3 shows two raw data traces that differ only in the order of the unilateral and 
bilateral stimulus presentations (5mA, 120 s). Next to each raw data trace are bar graphs 
showing two methods of analysis. The upper bar graphs show 'T POS: Difference'- the 
difference between the average eye position response during two minutes of stimulation 
and the two minutes of baseline eye position immediately preceding it. The lower bar 
graphs show 'T POS: Absolute'- the absolute average eye-movement response to each of 
the two-minute stimulus conditions. A comparison of these two methods of analysis shows 
that carryover effects from adapted baselines do not affect the absolute magnitude of 
responses to galvanic stimuli. The bar graphs of absolute T POS are very similar 
regardless of stimulation order, or the size and direction of preceding baseline eye 
positions. The bar graphs of relative T POS (or difference scores) are very different. The 
first shows much larger amplitudes ofT POS to stimuli delivered to the right side while the 
second shows the reverse asymmetry as well as a paradoxical reduction in the response to 
bilateral stimuli (which is now smaller than to unilateral stimuli). The independence of 
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absolute response measures from the preceding amplitudes of overshoot, and the 
distortions of the data produced by calculating difference scores, provide strong evidence 
against the contamination of responses by carryover effects. 
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Figure 4.4 Two raw data traces that show the result of varying the duration of identical 
SmA stimuli (top) and varying the duration of the inter-stimulus interval between 
identical SmA bilateral stimuli. Next to each raw data trace are bar graphs showing 
the two methods of analysis 'T POS: Difference' and 'T POS: Absolute' . 
' 12 
Figure 4.4 shows another two raw data traces. The top trace shows the systematic 
manipulation of baseline conditions by varying the duration of identical 5mA stimuli. The 
first galvanic stimulus lasts 30 seconds and produces a small overshoot in T POS of about 
1°. The second 60-second stimulus produces more adaptation and a larger overshot of 
about 2 °. The third 120 s stimulus produces nearly 3 degrees, etc. The bottom raw data 
trace shows the systematic manipulation of baseline conditions by varying the duration of 
the inter-stimulus interval between identical 5mA bilateral stimuli. The longer this lSI (30 
s, 60 s, 120 s, 240 s and 480 s), the greater the recovery of the overshoot back towards 0° 
(the initial baseline); and the smaller the amplitude ofT POS baseline preceding each of 
the 120 second galvanic stimuli. Beside each raw data trace are bar graphs showing two 
methods of analysis. The upper bar graphs show the difference between the average eye-
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position response during the stimulus and the two minutes of baseline eye position 
immediately preceding it. The lower bar graphs show the absolute average eye-movement 
response to each of the stimulus conditions. A comparison of these two methods of 
analysis shows that carryover effects from adapted baselines do not affect the absolute 
magnitude of responses to galvanic stimuli. The bar graphs of absolute T POS show very 
similar amplitudes of response to all the stimulus conditions within each trial regardless of 
the size and direction of preceding baseline eye positions. The bar graphs of relative T 
POS (or difference scores) are very different. The fust shows amplitudes ofT POS to 
identical stimuli which increase in magnitude with the size of the adapted baseline 
overshoot, while the second shows amplitudes ofT POS which decrease with the recovery 
of adapted baseline overshoots (after the first, which has a baseline of 0°). The 
independence of absolute response measures and the preceding amplitudes of overshoot, 
and the distortions of the data produced by calculating difference scores, provide strong 
evidence against the contamination of responses by carryover effects. 
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4.3.3 SUPPRESSION OF ADAPTATION 
In this paper we also stated that the lack of carryover of adaptation from previous 
conditions "suggests that the adapted overshoot reversals of eye movement stimulus offset 
are immediately 'dumped', overpowered, or ignored, by central processes". In an attempt 
to understand how and by what this response is 'dumped', overpowered or ignored we 
conducted a number of experiments presented here. 
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Figure 4.5 A series of tnals that examine how the overshoot rn adapted oculomotor 
response is 'dumped', overpowered or reset by: continuous ambient lighting, a brief 
period of ambient lighting, a roll angular acceleration (head impulse}, a GVS pulse 
with polarity opposite to that of the adapting stimulus, and a GVS pulse with polarity 
similar to that of the adapting stimulus. 
The first of these investigations involved turning on the room lights during the period of 
recovery of the overshoot of eye-movement response after the offset of GVS. The first of 
the five raw data traces above shows the immediate reduction in torsional eye position 
from a significant overshoot position while the room lights are turned (grey column). The 
second raw data trace shows that turning the room lights on for only a few seconds also 
reduces the torsional eye position back to baseline levels, but that after the lights are turned 
back off, the torsion position returns to and resumes the original recovery profile. This 
reduction in torsion associated with turning on the room lights is not therefore 'dumping' 
of the response but is more likely a result of visual suppression. The third data trace shows 
a trial in which the effect of a 'natural' inertial stimulus on the recovery from the overshoot 
of torsional position after GVS offset was investigated. A brief head impulse in yaw 
delivered during recovery from torsional overshoot (grey bar) produces a 'spike' of torsion 
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position response but does not 'dump' the recovering torsion position. The fourth raw data 
trace shows the effect of a brief (3 second) pulse of GVS (CRAL) delivered during 
recovery from the overshoot in torsional eye position. Again, this stimulus produces a 
spike in the torsional eye position response, but does not dump out the slowly recovering 
torsional position adaptation to the previous maintained GYS condition. The fifth raw data 
trace shows a similar (3 second) pulse of GYS but in the reverse polarity (ARCL). Again 
this pulse produces a spike in the torsional position response which returns it briefly back 
towards the baseline position, but after the galvanic pulse is over the torsion returns to the 
overshoot position and again resumes its slow recovery from adaptation. 
The fact that these manipulations did not succeed in 'dumping' or resetting torsional 
position is perhaps not surprising, considering our expectation of the simple addition of 
these various responses. The failure to dump all reset torsional position using some other 
stimulus does however leave us no less surprised by the lack of carryover affect clearly 
demonstrated in the previous sections. 
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4.4 RELEVANCE TO THE LITERATURE 
LINEARITY OF POSITION AND VELOCITY RESPONSES 
Zink et al. (1998) conclude that "low current intensities (1-3mA) preferably excite(s) 
otolith responses" - static ocular torsion - "which increase with increasing current intensity. 
With higher current intensities above 3mA, additional semicircular canal responses are 
elicited in the form of horizontal-rotatory nystagmus superimposed on static torsional 
deviations" (p. 200). We presume that these nonlinearities result from the fact that very 
short stimuli of only 5 seconds duration were used and that SPY responses to smaller 
currents did not have time to build up to levels that the researchers could detect. 
Kleine et al. (1999) disagree with the former paper's conclusions: "The linearity of the SPY 
response also argues against the proposed concept" (Zink et al., 1998; Zink et al., 1997) 
"of different threshold values for tonic (otolith-related) and nystagmic (SCC-related) 
response components, which would predict a non-linear intensity function, with an 
amplitude-dependent increase in slope, due to increasing contribution of sec-related 
signals. Such a gain enhancement at high stimulus amplitudes was not observed" (p. 1147) 
and "further, an amplitude-dependent relative contribution of otolith and SCC-signals to 
the galvanic VOR would probably induce amplitude-dependent systematic phase shifts of 
the SPY response, which were not observed" (p. 1147). Although these statements are 
based on the delivery of sinusoidal galvanic currents and the analysis of only torsional eye-
movement response components (horizontal and vertical being suppressed by fixation) 
they agree with our observations and argue against the idea that there is mostly otolith 
activation with very small currents and that canals are only recruited at larger stimulus 
amplitudes. 
The paper by Schneider et al. (E. Schneider et al., 2000) is similar to Kleine et al. (1999) in 
that it concludes that there is a linear relationship between OTP and current amplitude, and 
between T SPY and current amplitude, but again is of limited relevance in that it again 
uses a sinusoidal stimulus and visual suppression of horizontal and vertical eye-movement 
responses. 
A recent paper by Severac Cauquil et al. (2003) studied the short-latency eye movements 
evoked by near-threshold galvanic vestibular stimulation using 3-D scleral search coils and 
bilateral bipolar GVS at currents from 0.1 - 0.9mA. These authors analysed the eye-
movement response during the first 300ms after the onset and offset of 4 second GVS 
conditions, and found torsional slow phase velocity as low as 0.3 - 0.5mA ( 46 millisecond 
average latency) but no horizontal responses below 0.9mA. The authors also found some 
evidence of a small skew deviation (vertical disconjugacy) but no effect of visual fixation 
at these very small currents and very short response times. 
SYMMETRY OF RESPONSE FROM THE TWO LABYRINTHS 
The attempt of Clarke & Engelhorn ( 1998) to address the question of symmetry seems less 
problematic since the comparison of the response from each side can be made within one 
test session, using similar apparatus and stimulus parameters. Unfortunately, this analysis 
also suffers from the test's sensitivity to subject positioning, from the assumptions 
regarding the location, orientation, and planar sensitivities ofthe maculae and from the fact 
that the stimuli are so small that it is difficult even to guess how large an asymmetry could 
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be detected in such small eye-movement responses. The analysis is also limited to 
torsional eye-movement responses and to utricular stimulation by linear accelerations in a 
particular direction (directed medially). Despite these weaknesses and limitations, there 
are very few unilateral tests of symmetry, so this is an important source of evidence 
regarding the symmetry of the labyrinths. 
SYMMETRY OF RESPONSE FROM ANODAL AND CATHODAL STIMULI 
A number of studies report an asymmetry in afferent firing rate responses to large galvanic 
currents delivered via surgically implanted electrodes in deeply anaesthetised animals 
(Goldberg et al., 1984; Minor & Goldberg, 1991). The differences in species, arousal, 
site/duration/effective amplitude of stimulation, and response measures make these studies 
difficult to compare with an investigation of the alert human eye-movement response to 
maintained surface GVS. The most significant of these differences is probably amplitude. 
An asymmetry in responses to anodal and cathodal currents can be produced because firing 
rates can be increased more than they can be decreased due to the limit of 0 spikes/s 
(silenced). The current required to silence afferents is effectively very large compared 
with those delivered via surface electrodes. 1.2mA delivered to surface electrodes in 
guinea pigs produces a symmetrical change in afferent response from a spontaneous rate 
~40 spikes/s down to ~25 or up to - 55 spikes/s (Kim et al., 2003). The same change in 
firing rate only requires about 60J.tA via electrodes implanted in the tensor tympani muscle 
(external to the labyrinth) or only about 5% of that required at the surface (Kim et al., 
2003). Similarly a large conversion factor between the effective stimulation of currents 
delivered via tensor tympani electrodes and via perilymphatic electrodes must also hold. 
Currents of 1 OOJ.tA delivered via electrodes in contact with the perilymph (Goldberg et al., 
1984; Minor & Goldberg, 1991) are therefore effectively very large in comparison with 
surface currents, are affected by the limit in firing rates at 0 spikes/s, and are therefore 
capable of producing asymmetrical responses to anodal and cathodal polarities. 
Our observations of the symmetry of human oculomotor response to anodal and cathodal 
stimuli at modest current intensities delivered via surface electrodes (H. MacDougall et al., 
2002) are consistent with other observations in the literature. For example Schneider et al. 
(2000) plot data from which some evidence of symmetry in components of the human eye-
movement response to anodal and cathodal phases of sinusoidal GVS can be inferred. 
ADDITIVITY OF UNILATERAL AND BILATERAL STIMULI 
Some evidence for the additivity of unilateral and bilateral stimuli, based on a comparison 
of static roll tilt responses (bilateral otolith stimuli) and unilateral centripetal linear 
acceleration during constant velocity eccentric rotation (unilateral otolith stimuli - see 
Figure 4.6), was presented by Clarke & Engelhom (1998). 
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Figure 4.6 Unilateral stimulation of the otoliths by eccentric rotation. Adapted from 
Clarke & Engelhorn (1998) 
The authors state that "calculation of the ratio of unilateral to bilateral OOR gain yielded a 
median value -x=0.53" but "calculation of the individual ratios of bilateral to unilateral 
OOR gain yields a median value of 1.6". Our statistical reanalysis of their published 
unilateral :bilateral gain data indicated a minimum of 1.4 and a maximum of 5.0, with the 
median gain not 1.6 but 2.4, with a mean gain for 12 subjects of 2.7, and a 95% 
Confidence Interval of (1.8 < ~ < 3.5), hence, one cannot exclude a gain of 2 from their 
results. 
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Figure 4.7 The left panel shows the data for Unilateral and Bilateral otolith ocular 
response (OOR) Gains presented in Figure 4 of Clarke & Engelhorn (1998}. The right 
panel shows our statistical re-analysis of the same data. The mean and 95% 
confidence interval is shown in blue superimposed on the individual OOR gain data 
(black). The upper and lower statistical limits of the ratios of the average response to 
unilateral and bilateral stimuli are represented by red lines. A theoretical ratio of 
average Unilateral to Bilateral OOR Gain of 2.0 is also represented by a green line 
and is well within the range of ratios shown in red. 
Clarke & Engelhom's (1998) results are quite variable perhaps because the stimuli used; 
are quite small (<2rn/s/s interaural acceleration); might be sensitive to errors in nasa-
occipital acceleration due to subject positioning; rely on assumptions regarding the 
location, orientation, and planar sensitivities of the maculae; are delivered in different test 
sessions and using different apparatus; and compare stimuli which differ in several 
CHAPTER 4: Linearity, Symmetry and Additivity of the Eye-movement response to Maintained Surface GVS 70 
important ways. Although their centrifuge and tilt conditions both generate the same 
interaural shear on one or both utricular maculae there are important differences in canal 
stimulation during the dynamic phase of the tests (i.e. the largely horizontal canal stimulus 
during the angular acceleration of a centrifuge is in a different orientation, of a different 
magnitude and of different time course to the vertical canal stimulus generated by the roll-
tilt stimulus). Another important difference between these two stimuli involves the 
magnitudes and dynamics of the dorsoventral linear acceleration (which remains a constant 
1 g down on the centrifuge but which rolls off as a cosine of angle on the tilt-chair). 
We conducted a study comparing conditions of matched utricular shear on a centrifuge and 
a tilt-chair which showed that small differences in dorsoventral shear do cause significant 
differences in the magnitudes of OCR (H. G. MacDougall, Curthoys, Betts, Burgess, & 
Ha1magyi, 1999) and this conclusion has been reached by a number of other authors (de 
Graaf, Bos, & Groen, 1996; Merfeld, 1996; Moore, Clement, Raphan, & Cohen, 2001). 
For these reasons we do not think that their comparison of unilateral and bilateral 
stimulation argues against "a direct linear summation of right and left otolith afferents in 
the central nervous system" nor does it affect our conclusions regarding the additivity ofH 
SPY, T SPY, and OCR components of the eye-movement response to matched unilateral 
and bilateral conditions. 
COMMISSURAL INTERACTION 
Some modellers (Cannon & Robinson, 1985; Ormsby, 1974) have assumed that there is 
simple additivity of input from the two vestibular labyrinths and that the function of the 
cornmissures is simple addition. However, other modellers (e.g. Galiana & Outerbridge, 
1984) have assumed that the commissures are not just additive, but are highly modifiable 
and function as multiplying elements so that gains greater than 2 are not only possible, but 
their modifiability even forms the basis of the modeL There has been little factual 
evidence in human for linear addition from the two sides of both canal and also otolith 
input. 
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SURFACE GVS IN NORMALS AND PATIENTS 
5.1 INTRODUCTION 
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In 2002 we started a major project to compare the eye-movement responses of normals to 
those of patients with known types of vestibular dysfunction. This project aimed to assess 
the utility of GVS testing as a diagnostic tool, to develop the GVS delivery methods and 
eye movement analysis system for clinical application, and to provide evidence for an 
answer to the question of which vestibular endorgans are stimulated by maintained surface 
GVS. 
These experiments form the basis of the following publications. 
MacDougall, H., Brizuela, A. E., Curthoys, I. S., & Halmagyi, G. M. (2002). 3-D eye-
movement responses to surface galvanic vestibular stimulation in normals and patients: a 
comparison. Annals of the New York Academy of Sciences, 956, 546-550. 
MacDougall, H., Brizuela, A. E., Burgess A.M., Curthoys, I. S., & Halmagyi, G. M. 
(2003). 3-D eye-movement responses to maintained surface galvanic vestibular 
stimulation. Otology and Neurotology - in preparation. 
CONTRIBUTIONS 
The Experimental Design and Rationale was developed by Hamish MacDougall. 
Development of the Galvanic Stimulation Apparatus was done by Ian Curthoys. 
Development of the Video Eye Movement Analysis System was done by Hamish 
MacDougall, and Ian Curthoys. 
Subject Testing was conducted by Hamish MacDougall, with assistance from Ann 
Burgess. 
Subject Participation included Hamish MacDougall, Ann Burgess and Ian Curthoys. 
Data Processing and Statistical Analysis was largely done by Hamish MacDougall with 
help from Agatha Brizuela and Ann Burgess. 
Writing of the Manuscript was largely done by, Hamish MacDougall and Agatha Brizuela, 
with input from Ian Curthoys and Michael Halmagyi. 
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eye movement 
Vestibular stimulation produces characteristic eye movements or vestibular ocular 
reflexes (VORs). The spatial components ofVORs have been attributed to activation 
of specific vestibular sensory regions: 1 stimulation of a semicircular canal (SCC) 
mainly produces nystagmus around an axis which is roughly perpendicular to the 
plane of that canal, whereas stimulation of the otoliths mainly produces changes in 
ocular torsional position (OTP). Galvanic vestibular stimulation (GVS) of human 
subjects by currents of SmA delivered through large-surface-area electrodes on the 
mastoids is painless and produces a range of vestibular responses,2•3 including char-
acteristic eye movements. By recording human eye movements using 3-D video dur-
ing prolonged GVS, we have observed that normal subjects show eye-movement 
response patterns that could be expected from stimulation of a combination of ves-
tibular sensory regions. Reliable characteristic patterns of these eye-movement com-
ponents suggest that in humans surface GVS acts on otoliths and sees in an 
idiosyncratic fashion. 
Similarities in the patterns of results between normal subjects provide the basis 
of a heuristic model that describes eye-movement responses to GVS as the weighted 
sum of inputs from all vestibular end-organs. In our work, the eye-movement re-
sponse to GVS is modelled so that stimulation of the otoliths produces mainly OTP 
changes (upper poles of the eyes rotate toward the anode/away from the cathode). 
Stimulation of the horizontal canals mainly produces horizontal nystagmus with the 
slow phases directed towards the anode/away from the cathode. Stimulation of the 
anterior sec produces downward eye movement, and stimulation of the posterior 
SeC produces upward eye movement, with a torsional velocity component. In nor-
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of Sydney, Sydney, NSW, 2006, Australia. Voice: +612 9351 5953; fax: +612 9351 2603. 
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mal healthy subjects, during GVS, the downward eye movement produced by the an-
terior sec is opposed by upward eye movement produced by the posterior sec, so 
that the simultaneous stimulation of both vertical sees produces mainly torsional 
nystagmus with almost no vertical components (FIG. lA). 
Using the foregoing principles, we have shown that individual characteristic eye-
movements to GVS can be modelled by varying the effective activation and inhibi-
tion of each vestibular sensory region. Such variability in the pattern of effective 
stimulation may reflect the variability of inner-ear morphology and impedance 
paths. This model also allows predictions about the eye-movement response charac-
teristics in patients with specific vestibular dysfunction. The present study investi-
gates whether the responses of patients with known vestibular dysfunction are 
consistent with these predictions. 
BILATERAL VESTIBULAR LOSS 
The model predicts that a patient with non-surgical bilateral vestibular loss 
should not show a substantial change in any eye-movement component in response 
to GVS delivered to either side. We tested a patient with non-surgical bilateral ves-
tibular dysfunction (total loss on left, 80% paresis on right) as a result of sequential 
neuritis. The subject's data show small horizontal and vertical nystagmus, but other-
wise minimal oculomotor responses to GVS delivered to either side (FIG. lB). 
UNILATERAL VESTIBULAR LOSS 
The model predicts that a patient with surgical unilateral vestibular loss should 
show no response to GVS delivered to the affected side, whereas the eye-movement 
response to GVS on the healthy side should be normal. We tested a patient who un-
derwent left unlilateral vestibular neurectomy 15 years earlier. The subject has some 
hearing preserved on the left, suggesting that some response to GVS might be pos-
sible on that side. The subject's data show marked reduction in all oculomotor re-
sponses to GVS delivered on the affected side, compared to a relatively normal 
response to GVS on the healthy side (FIG. I C). 
INFERIOR VESTIBULAR NEURITIS 
The model predicts that a subject with inferior division neuritis (posterior SCC 
and saccule affected) should show vertical nystagmus in response to GVS: with an-
odal current delivered to the affected side producing slow phases directed .dm:Yn as a 
result of the imbalance in activity of the vertical canals. We tested a patient with pro-
found deafness, absent VEMPs, and absent caloric responses on the left but pre-
served function on the right. The subject's data show vertical nystagmus (slow 
phases: down) in response to GVS delivered on the right side, compared to a rela-
tively normal response to GVS on the left side. There is no reduction in OTP re-
sponse to GVS on the right side compared to the left side, which is consistent with 
dysfunction of the saccule but preserved function of the utricle (FIG. lD). 
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FIGURE 1. Predicted range (grey bars) and observed magnitude (solid black trace) of 
OTP and horizontal, vertical and torsional slow-phase velocity (SPV) responses to GVS for 
five subjects. Row A shows the results of a subject without diagnosed vestibular dysfunction 
(normal); row 8 shows a subject with non-surgical bilateral vestibular loss; row C shows a 
subject with surgical (left) unilateral vestibular loss; row D shows a subject whose response 
is consistent with (right) inferior vestibular neuritis; and row E shows a subject with 
CHARGE syndrome. 
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CHARGE SYNDROME 
The model predicts that a patient with absent SCCs associated with the CHARGE 
syndrome (a combination of various congenital abnormalities, including ear anoma-
lies)4 should not show substantial eye-velocity response components to GVS delivered 
to either side, but should show normal otolith-related eye-movement response compo-
nents. We tested a patient with CHARGE syndrome with absent SCCs (visualized on 
scans) and absent responses to rotations but preserved VEMPs. The subject's data 
show absent velocity responses but preserved OTP changes in response to GVS; how-
ever, it should be noted that testing was carried out with fixation present in this in-
stance, and this would tend to suppress velocity responses (FIG. IE). 
CONCLUSION AND DISCUSSION 
The predictions generated by the present model of eye-movement response to 
GVS are consistent with the responses obtained by testing patients with known ves-
tibular dysfunction. The results of the present study lend weight to the validity of the 
model and thereby support the argument that surface GVS tends to stimulate all end 
organs in an idiosyncratic, yet predictable, fashion. In each case, the response pre-
dicted by the model was derived by modifying the sensitivity of the sensory regions 
affected by the diagnosed dysfunction. The idealized response could then be mod-
elled on the subject's observed response by making minor modifications to the sen-
sitivity of sensory regions that was consistent with the variability in sensitivity seen 
in a normal population (MacDougall et al., submitted for publication). It is important 
to bear in mind that patients are unlikely to show any GVS response from end-organs 
which have been surgically ablated unless some nerve endings remain (in that GVS 
is thought to act on the spike trigger zone of primary afferents5). Patients with ves-
tibular loss which has been inferred from other tests might show responses to GVS; 
thus any diagnosis is likely to remain a question of evidence from a number of sourc-
es. Developments in 3-D eye-movement recording systems and GVS delivery meth-
ods are making it possible to understand the variability and apparent complexity of 
the responses to this stimulus. GVS may be more reliable than might be inferred 
from recent findings6--8 and may potentially have some useful application in a clin-
ical, diagnostic, or therapeutic setting. 
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Abstract 
Hypothesis: That the components of the eye-
movement responses to galvanic vestibular stimulation 
(GVS) in patients with specified vestibular dysfunction 
will be consistent with the predictions of a simple 
model which attributes various components of the 
nonnal eye-movement response to activation of 
specific vestibular end organs. 
Background: Stimulation of the vestibular system by 
maintained (DC) surface galvanic vestibular 
stimulation (GVS) elicits eye movements that vary 
substantially between subjects, but are repeatable 
within subjects. If particular components of the eye-
movement responses to GVS can be attributed to 
particular vestibular cndorgans then this idiosyncrasy 
in response suggests either that current delivered at the 
surface tends to stimulate each vestibular endorgan in 
an idiosyncratic fashion, or that similar patterns of 
stimulation in different subjects produce idiosyncratic 
oculomotor responses. 
Various eye-movement responses during natural 
inertial stimuli are attributed to the stimulation of 
particular end organs (e.g. horizontal nystagmus 
during angular acceleration is attributed to stimulation 
of the horizontal semicircular canals (SCCs), and 
torsional ocular counter-roll during static roll-tilt is 
attributed to otoliths). 
Explanations for the eye-movement responses to 
'artificial' stimulation are also based on the specific 
stimulation of separate sensory regions , (e.g. 
nystagmus during caloric irrigation is attributed to the 
sees positioned vertically with respect to gravity). 
This study compares the response to GVS for patients 
with specific types of vestibular dysfunction with 
predictions from a simple heuristic model. 
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This model attributes particular eye-movement 
response components to particular vestibular end 
organs based on various sources of evidence including 
the normal responses to GVS, responses to other 
vestibular stimuli, and animal work employing single 
unit recording and ablation techniques. Thls model 
leads to novel, testable predictions about eye-
movement responses to GVS in people with specific 
vestibular deficits, some of whom we have been able to 
test in the clinic. 
Methods: 3-D video eye-movement recording was 
carried out in normals and patients during long-
duration bilateral and unilateral surface GVS. 
Results : The responses of patients diagnosed with 
particular types of vestibular dysfunction (bilateral 
dysfunction, unilateral dysfunction, CHARGE 
syndrome, canal occlusion, and vestibular neuritis) are 
consistent with the model's predictions. 
Conclusion: These results support the validity of the 
present model and suggest that GVS could be 
developed as a diagnostically useful tool in a clinical 
setting. 
Key Words: Computer models, Diagnosis, Electrical 
stimulation, Eye movements, Vestibular diseases. 
For many years, direct stimulation of the vestibular 
system by electric currents has been shown to 
modulate the spontaneous discharge rate of primary 
vestibular afferents (1) and to produce various 
behavioural responses including changes in posture, 
eye movements, and the perception of movement (e.g. 
2,3-5). Many studies have found substantial between-
subject variability in these responses to galvanic 
vestibular stimulation (GVS) and so the stimulus has 
been thought by some to be non-specific, unreliable, or 
unpredictable. This conception of GVS would seem to 
limit its utility in primary vestibular research and in the 
diagnosis of vestibular dysfunction. It would be 
unfortunate if thls conception were to hold true since 
the stimulus also has a number of advantages. GVS 
does not require the bulky, complicated, expensive, 
and potentially more dangerous, equipment often 
required to deliver traditional inertial stimuli. 
Centrifuges, linear sleds, and body positioning devices 
are all unfeasible in most clinical environments, while 
a hand-held, battery-powered, constant-current source 
is much less daunting for researchers, clinicians and 
patients alike. GVS (like caloric irrigation, and click 
tests) can be delivered unilaterally. This is an important 
advantage considering that most tests attempt to 
identify asymmetry or imbalance between healthy and 
affected sides (labyrinths). GVS can also be thought of 
as a kind of 'broad spectrum' or global stimulus which 
acts on all the semicircular canals (SCCs) and otoliths, 
while the established caloric tests and head impulse 
tests assess sec function only. 
A recent resurgence in the use of GVS (3-9) suggests 
that these advantages have motivated researchers to 
overcome the challenges presented by the use of this 
stimulus. In the last few years there have been 
improvements in the safe and painless delivery of 
higher stimulus intensities (5mA) through large 
surface electrodes ( 10 cm2), and at controlled 
amplitudes using constant-current generators. 
Videooculography has also developed, and is now fast 
enough (60Hz) for accurate measurement of 3-D eye-
position and slow-phase velocity (SPV) responses over 
long periods (tens of minutes). By employing these 
improvements in stimulus delivery and response 
analysis we have been able to observe systematic eye-
movement responses in normal human subjects during 
prolonged galvanic stimulation (4,9). 
Although there is considerable between-subject 
variability in the magnitude of the various components 
of the oculomotor response to GVS, a number of 
characteristics are common to normal subjects. At the 
onset of current delivery there is a change in subjects' 
ocular torsional position (OTP), and torsional 
nystagmus (with OTP and slow phases directed toward 
the anode and away from the cathode). In complete 
darkness (without suppression by visual fixation) there 
is also a change in subjects' horizontal eye position (H 
Pos), and horizontal nystagmus (with H Pos and slow 
phases directed toward the anode and away from the 
cathode). In normal human subjects there is negligible 
vertical position change (V Pos) or vertical nystagmus. 
At GVS offset, the eye position changes and 
nystagmus reverse direction (i.e. eye position and slow 
phase velocity arc directed away from the anode and 
toward the cathode). At GVS onset, responses tend to 
reach a peak within 30 seconds, and then decay to a 
maintained value. At GVS offset, responses reverse 
direction, rapidly reaching a peak overshoot before 
returning to baseline levels. The decay of response and 
recovery to baseline both have very long time 
constants of hundreds of seconds. 
In our previous study, 10 normal subjects showed a 
wide variety of eye-movement response patterns to 
GVS in darkness, with some subjects demonstrating 
systematic changes predominantly in SPV, others 
demonstrating systematic changes predominantly in 
OTP, and still others showing a mixed pattern of OTP 
and SPV (4). Testing in light shows a somewhat 
different pattern of oculomotor responses, because 
normal subjects are able to suppress their horizontal or 
vertical components with fixation. We also observed 
that these normal subjects varied in the amount of 
decay and overshoot of their responses. Some subjects 
responded with little decay or overshoot, while other 
subjects showed velocity and position responses which 
decayed almost to baseline during GVS followed by a 
relatively large overshoot at GVS offset. Significantly, 
re-testing the same subjects a number of times over 
some weeks showed that each individual responds with 
a repeatable, reliable and characteristic oculomotor 
response pattern, irrespective of mastoid electrode 
location, and that the variability in the magnitudes of 
various response components, and in the various 
temporal characteristics across subjects, is 
idiosyncratic. 
Later we showed that, in a normal population, the eye-
movement responses to bilateral surface GVS in 
darkness were linearly related to current strength (over 
a range of 1 - 5 rnA) (9). In conditions of fixation, the 
gain of the OTP response averaged around 0. 75 dcg per 
rnA, but without fixation the gain was reduced to an 
average of around 0.5 dcg per rnA (presumably 
because quick phases 'dump' the torsional position). 
Torsional slow-phase velocity gain averaged around 
0.5 deg/s/mA. In complete darkness horizontal slow-
phase velocity gain averaged around l deg/s/mA, 
while vertical velocity responses were absent. Subjects 
tended to respond with some horizontal and little 
vertical position change but, without fixation, these 
were contaminated by voluntary eye movement. 
Previously (6), we found little nystagmus in response 
to lower amplitudes of galvanic stimuli, and concluded 
that there are different thresholds for the generation of 
these different eye-movement responses. We now 
attribute this to visual suppression due to the use of a 
fixation light, and to the limitations of the eye-
movement recording system, since a 2 Hz sampling 
rate was insufficient to reveal the velocity components. 
We have shown that unilateral surface GVS elicited 
eye-movement responses that are symmetrical between 
stimulated sides (or mastoids) and symmetrical 
between stimulating polarities (anodal or cathodal) (9). 
The symmetry of response to anodal excitation and 
cathodal inhibition probably reflects the fact that 
regular afferents, which are thought to be largely 
responsible for the generation of vestibula-ocular 
reflexes (1 0), arc less sensitive to galvanic stimulation. 
The irregular fibres (which arc probably largely 
responsible for postural modification) are more likely 
to show asymmetries in response to GVS since they 
can be more easily pushed to the limit at zero spikes 
per second (Ewald's Law: 1 I). 
This same study (9) also showed that responses to 
bilateral GVS conditions arc effectively the simple 
sum of responses to the two unilateral GVS conditions. 
The latter result is in contrast with other authors (e.g. 
12) who have assumed that the commissures arc not 
just additive, but are highly modifiable and function as 
multiplying elements so gains greater than 2 are 
possible. 
Here we compare the eye-movement responses of 
patients with various types of vestibular dysfunction 
with the responses of normal subjects and with 
predictions derived from a heuristic model that 
attributes various components of the normal eye-
movement response to specific end organs. The model 
attempts to be realistic or biologically plausible in that 
many of its assumptions can be supported by 
theoretical or empirical evidence. The model 
incorporates the observations from the previous studies 
on normal subjects, including: the linear relationship 
between the amplitudes of response and current 
intensity; the symmetry between stimulated sides and 
stimulating polarities; and the additivity of responses 
to unilateral and bilateral conditions. The contribution 
to the eye-movement response from each specific 
vestibular sensory region is based on observations of 
the response from the sensory region to inertial stimuli. 
For instance, stimulation of the horizontal canal by 
yaw angular acceleration is known to produce mostly 
horizontal nystagmus with some torsional nystagmus 
and position. Although direct comparison of animal 
models and the human response can be problematic, 
much of what we know about the contribution of 
various vestibular end organs comes from animal 
studies. For instance, the work of Suzuki and Cohen 
(13) on the eye movements produced by electrical 
vestibular stimulation in the cat and monkey, shows 
that the spatial components of VORs can be attributed 
to activation of specific vestibular sensory regions. 
Stimulation of the otoliths mainly produces maintained 
OTP changes, whereas stimulation of the SCCs mainly 
produces nystagmus around an axis that is 
approximately perpendicular to the plane of that canal. 
The model successfully matches the response of 
normals by combining the eye-movement contribution 
from all the stimulated sensory regions. The eye-
movement response to GVS is modelled such that 
stimulation of the otoliths produces mainly OTP 
changes with the upper pole of the eyes rotating toward 
the anode I away from the cathode. Stimulation of the 
horizontal canals mainly produces horizontal 
nystagmus with the slow phases directed towards the 
anode I away from the cathode. Stimulation of the 
anterior canal produces downward eye movement and 
some torsional velocity, and stimulation of the 
posterior canal produces upward eye movement and 
some torsional velocity. In normal healthy subjects, 
during GVS, the downward eye movement produced 
by the anterior canal is opposed by upward eye 
movement produced by the posterior canal, so that the 
simultaneous stimulation of both vertical canals 
produces mainly torsional nystagmus with almost no 
vertical components. 
Materials and Methods 
Subjects: 
Appropriate institutional Ethics Committees approved all 
procedures and all subjects gave infonned written consent. All 
subjects were free to withdraw at any time. 
8 healthy subjects (5 females and 3 males; mean age - 46, S. D. = 
18) volunteered to provide nonnal data for comparison with patient 
responses. None of these subjects reported any history of 
vestibular dysfunction. 
A total of 7 patients took part in this study and were tested using 
long duration surface GVS. The patients (5 females and 2 males; 
mean age = 56, S. D. = 27) were previously diagnosed with 
vestibular dysfunction of various kinds, as follows: 
Patient I: 49-years old, Male. In May 1999 he experienced sudden 
loss of balance, vertical diplopia with vomiting. Balance improved 
over 2 weeks but never back to nonnal. Five months later another 
identical attack and since then his balance remained even worse. 
He now notices he cannot recognize people's faces when he walks 
and thought he almost drowned when he went diving into a 
swimming pool as he did not know which way the surface was. 
There was no hearing problem and otherwise he was well. On 
examination there was no spontaneous, head-shaking or positional 
nystagmus but a severe deficiency of horizontal and vertical 
vestibulo-ocular reflexes on impulsive testing from all 6 
semicircular canals (14, 15). The standard Romberg test was 
negative but it was positive on a foam mat ( 16). Vestibular function 
tests showed profound bilateral asymmetrical impainnent of lateral 
semicircular canal function. 
There was a first-degree gaze-evoked right-beating nystagmus of 2 
deg/s in darkness only. Rotational tests (IOOdeg/s velocity step) 
showed a peak nystagmus slow phase velocity of 12 deg/s to the 
left and 32 deg/s to the right (N> 45deg/s) and time constants of 
less than 2 s (N> 15 s) (17). Caloric tests showed no responses at all 
from the left even to 0 deg C irrigation and a response of only 8 
deg/s (N>25deg/s) to 0 deg irrigation on the right. Vestibular 
evoked myogenic potential testing of saccular function showed 
absent responses from the left and a markedly reduced response of 
18uV (N> 45uV) from the right (18, 19). Pure-tone audiogram was 
nonnal for age. Subjective visual horizontal was set 7 deg to the 
left (N<3deg) indicating impaired left utricular function (20,21 ). 
Brain MRI showed white matter changes consistent with long-
standing arterial hypertension. The diagnosis was bilateral 
sequential vestibular neuritis (22) with a Bechterew effect (23) 
from the second attack. 
~: 79 years old, Male. In April 2000 sudden attack of acute 
spontaneous vertigo with nausea and vomiting but no hearing 
disturbance, headache or any other focal neurological dysfunction. 
Vertigo improved in 24 hours but he remained offbalanee for about 
2 weeks. On examination a month later there was now a low 
velocity left-beating spontaneous nystagmus in darkness on 
videonystagmoscopy. There was no positioning nystagmus or 
vertigo. There was a severe impainnent ofvestibulo-ocular reflexes 
from all 3 left semicircular canals on impulsive testing. The 
Romberg test was negative. Caloric testing showed no response 
even with 0 deg C irrigation from the right and nonnal responses 
from the left. Rotational tests and the subjective visual horizontal 
were nonnal. VEMPs were nonnal absent from the right and 
nonnal on the left. The audiogram showed a symmetrical severe 
high-frequency loss consistent with age and noise exposure. The 
diagnosis was right superior and inferior vestibular neuritis. 
Patient 3: 68 years old, Female. Right vestibular nerve section in 
1988 for intractable BPPV. In remission for I 0 years then 
recurrence of BPPV. In the meantime a progressive right hearing 
loss had developed. Treated with intratympanic gentamicin. On 
examination there was no spontaneous, head-shaking or positional 
nystagmus but a severe deficiency of vestibulo-ocular reflexes 
from all 3 right semicircular canals on impulsive testing. The 
Romberg test was negative. Caloric tests showed no response from 
the right even to 0 dcg C irrigation. The SVH was offset 6 dcg to 
the right and the VEM Ps were absent from the right ear. There was 
a 50-60 dB sensorineural hearing loss on the right. 
Patient 4: 67 years old, Female. Left vestibular nerve section 1985. 
Since then no vertigo attacks but a minor but persistent loss of 
balance. Caloric tests show no responses from the left and normal 
peak slow phase velocities to 30 and 44 deg irrigation on the right 
(21 and 42 degls). Horizontal rotational tests show a directional 
preponderance to the right with bilateral diminished time constants 
to 100 degls/s step stimulation (acceleration right 64 degls and 8 s, 
left 29 degls and 6 s). VEMPs were intact from left ear (24) and 
head impulses show preserved posterior sec function ( 15) 
indicating that only the superior vestibular nerve had been divided 
and not the inferior nerve. 
Patient 5· 14 years old, Female. Born with CHARGE association 
(Coloboma of the eye, Heart disease, Atresia of choanae, Retarded 
growth, Genital Hypoplasia and Ear abnormalities (25). She had no 
hearing on the left but a mean air conduction threshold of25 dB on 
right, no rotational VOR; absent impulsive VOR. Tap VEMP 
preserved on left, absent on the right (26). MR scan showed normal 
cochleas and vestibules, no semicircular canals on either side. 
Patient 6· 87 years old, Female. Presented in Feb 1997 with 
positional vertigo from 12 months. On examination she had left 
posterior SCC BPPV but no impairment of vestibulo-ocular 
reflexes on impulsive testing. Romberg test and tandem walking 
were mildly impaired. Caloric tests showed a 40% left directional 
preponderance; audiogram showed a moderately severe bilateral 
symmetrical high-frequency loss consistent with age. An Epley 
type particle repositioning manouevre put her into remission (28). 
In May 2001 she presented with violent left lateral SCC BPPV 
(29). After a month of unsuccessful repositioning manoeuvres the 
left lateral semicircular canal was surgically occluded. She had no 
post-operative vertigo or nystagmus and no hearing loss. She has 
been free of positional vertigo since surgery and on examination 
now she has selective impairment of left lateral semicircular canal 
vestibulo-ocular reflexes on impulsive testing. 
Patient 7· 28 years old, Female. Presented with brief minor vertigo 
attacks. Profound left hearing loss since age 3. On examination no 
spontaneous, gaze-evoked, head-shaking, pressure-induced or 
positional nystagmus, normal Romberg test. Severe impairment of 
vcstibulo-ocular reflexes from all 3 left semicircular canals on 
impulsive testing. Caloric tests showed no responses from the left 
even to 0 deg C irrigation and normal responses from the right. 
VEMPs were absent from the left and were normal on the right. 
Rotational tests showed normal symmetrical responses and the 
Subjective Visual Horizontal was also normal. The clinical 
diagnosis was delayed endolymphatic hydrops (27). 
A number of other patients were also tested, but arc not described 
at length here because their oculomotor responses to galvanic 
stimulation were too small to allow confident interpretation. Many 
of these patients were diagnosed with vestibular neuritis. This may 
suggest that they tend to suppress vestibular input from both 
healthy and affected sides (see Discussion). 
Galvanic stjmulatjon: 
The methods for stimulation and recording are presented in detail 
in previous papers (4,9). The following is a brief summary 
highlighting special features for this study. Surface electrodes of 
large surface area (approx 1000 mm2) were used to deliver 
galvanic stimulation. Electrodes were individually cut from 
electrosurgical plating (3M), generously coated with electrode gel 
and placed bilaterally, over each mastoid process. An additional 
electrode was also placed over the vertebra promincns (C7) to act 
as a neutral (reference) electrode during unilateral stimulation 
conditions (unilateral stimulation conditions are hereafter referred 
to only by their active electrode; e.g. 'AR' refers to 'Anode Right 
Cathode C7'). A custom-designed, battery-driven, isolated current 
stimulator was used to deliver the desired current over a prolonged 
period. The current was monitored using an ammeter in series with 
the subject or patient. 
For each condition, eye movements were recorded for 2 minuites 
prior to the onset ofGVS to provide a baseline. At the end of these 
2 min, the stimulator was switched on at zero, and the current 
strength was manually increased to 5mA (4mA in the case of 
Patient 4; see below). The current was left at this level for 2 min, 
before being manually returned to zero, and then the stimulator was 
switched off. This sequence of current strength was repeated until 
all conditions were completed. Manual adjustment was used for 
the safe and immediate control of currents. Gradual ramp onset 
and offset of stimulation (taking about I second per rnA increase or 
decrease) was chosen because it was better tolerated than 
instantaneous square-wave changes. 
The normal subjects were tested in 6 conditions, 4 conditions of 
unilateral stimulation followed by 2 conditions of bilateral 
stimulation. The order of conditions was: Anode Right Cathode C7 
(AR), Anode Left Cathode C7 (AL), Cathode Right Anode C7 
(CR), Cathode Left Anode C7 (CL), Cathode Left Anode Right 
(ARCL), Anode Left Cathode Right (CRAL). 
Bilateral testing was omitted with some patients if it was thought 
that extra conditions would tax their stamina. Thus, patients 4 and 
5 completed the above sequence but the bilateral conditions were 
omitted (i.e. they underwent only unilateral testing). Patient 2 also 
completed only 4 conditions of unilateral testing, but in the order: 
AR, CR, AL, CL in order to test for any effects of presentation 
order. Finally, Patient 5 (who was rather young and who suffered 
attcntional difficulties associated with her syndrome) was tested in 
only 2 conditions of unilateral stimulation: AR followed by AL, 
and at a current strength of only 4mA. 
Procedure· 
Pilocarpine was used to constrict subjects' pupils, a requirement of 
the video eye-movement recording system. After these drops were 
administered to subjects' left and right eyes, subjects were allowed 
to rest for 20 minutes, to allow the pupils to constrict. Following 
this period, subjects donned the video headset used for eye-
movement recording (see below). Subjects were seated with Reid's 
line (the line joining the inferior margin of the orbit and the upper 
margin of the external auditory meatus) approximately earth 
horizontal: a standard position that is both comfortable and which 
allows for controlled orientation of the otoliths across subjects. 
Head and shoulders were held finnly by padded supports. Patient 
5 was tested in the presence of a small, dim, centred fixation light, 
in order to suppress her vigorous spontaneous nystagmus 
(associated with this patient's diagnosed CHARGE syndrome). In 
all other cases testing was conducted in complete darkness. 
Subjects were given feedback by the experimenter who monitored 
their eye position and asked subjects to try to continue to fixate 
where the fixation target had been. By keeping subjects' gaze close 
to centre, it was possible to control for influences on torsional eye 
position at eccentric gaze positions, such as those described by 
Listing's Law (31) and Alexander's Law (Alexander, 1912, in 32). 
Testing was conducted in a single session for each subject. 
Eye movement measurement and analysis· 
Eye movements were recorded using video analysis techniques 
described previously (see, e. g., 33,34). The resolution of this 
method is better than 0.1 deg in horizontal, vertical and torsion and 
ha~ a sampling rate of 30 Hz. The pupils of both eyes are 
constricted by 2% Pilocarpine Nitrate; the eyes are illuminated 
wllh infrared light sources. Half-silvered ("hot") mirrors 
(Coolbeam, OCLI, Santa Rosa) reflect a close-up image of the 
pupil and iral pattern onto a lipstick-sized CCD camera (Panasonic 
WV-CDI E) while permitting the subject unobstructed vision. In 
order to minimise camera slippage relative to the head, the 
cameras, mirrors and infrared light sources are mounted on a tight-
fitting but comfortable "wrap-around" mask. This mask was made 
of thermoplastic (PolyFiex , Smith & Nephew) individually 
moulded to the subject's face and held in place by VelcroTM straps. 
Our measures of eye position at the start and end of the test show 
that this method effectively prevented any detectable camera 
slippage. Images were recorded onto VHS videotape using two 
VCRs (binocular recording) and analysed offline after the test 
session. Results obey the right-hand rule; such that, clockwise 
ocular torsional position and slow phase velocity (where the upper 
pole of the eye rotates toward the subject's right shoulder) are 
positive; leftward horitontal position and slow phase velocity are 
positive; and downward vert1cal position and slow phase velocity 
are positive. At the start of each condition, reference images of both 
eyes were recorded while the subject ga?ed at a fixation point and 
at calibration points at known visual angles. 
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Spatial plots of eye-movement response: 
This study compares eye-movement responses (6 
components) over a series of stimuli (6-8 conditions) 
and between a group of normal subjects (n=8), a set of 
model predictions (8 types) and a group of patients 
(n=7). Since such an undertaking involves nearly a 
thousand measures, we have rationalised the depiction 
of the eye-movement response by collapsing the 
direction and magnitude of horizontal , vertical, and 
torsional components onto spatial plots shown above 
each galvanic condition (see Figure 1). Figure 2 shows 
how the magnitude and direction of three position and 
three velocity responses can be represented spatially. 
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Figure I Time series of the raw eye-movement traces for a single subject. The amplitude of the 3-D eye-movement response components 
is indicated by different colours as follows: black: T POS, red: HSPV, green: VSPV, blue: TSPV. The orange horizontal bars represent 
the presence and the strength of the galvanic stimulus. The top row shows the subject's responses during the entire test session (lasting 
34 min). The bottom row shows an expanded view of two moments of interest (each lasting 2 min) during the session: the transition from 
rest to CR stimulation (left half of bottom row) and the transition from rest to CL stimulation (right half of bottom row). 
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FIGURE LEGEND: 
Totslonal position: thE- direction and m39nltude of 
po~tion I~ Indicated by the displacement from the 
"I 2 o'clock" 01 vertical po\ltlon by a gray St>gment 
TotslonJI Nystagmus: slow phase velocity direction 
lslndlcatt'd by the arrowhead, and am1:>lltude Is 
Indicated by the extt>nt of the arrows shaft 
Horizontal and Vertical position: the direction and 
magnitude of position change is Indicated by the 
displacement of the grey dot from the black pupil center. 
• --+ Horizont.JI and Vertical Nystagmu~: ~low ph a~ velocity 
direction Is Indicated by the arrowhead, and amplitude 
Is Indicated by the extE>nt of the arrow's shaft. 
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A combination of CCW t01~onal pol.itlon. CCW tor ~onal 
• ---. slow phase velocity, Horizontal position towards the left. 
and horizontal slow phase velocity to the left. 
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A combination of CW torsional position, CW torsional 
slow phase velocity, position Down and tow<nds the 
Right, and slow pl1ase Down and towards the Right 
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Figure 2 (globa l key to all figures) indicates the spatial 
representation of horizontal, vertical and torsional position and 
velocity eye-movement responses in the remaining figures. The 
black dot at the centre of these eye-movement figures can be 
thought of as a subject's pupil , viewed from the clinician's 
perspective. The position of the grey dot shows the magnitude and 
direction in which the pupil moves (horizontal and vertical) in 
response to the stimuli . The grey segment shows the magnitude 
and direction of torsional displacement from the upright or I 2 
o'clock position. The straight arrow shows the magnitude (length 
of shaft) and direction of the horizontal and vertical velocity 
responses (slow phase towards arrow head). The curved arrow 
shows the magnitude and direction of torsional velocity responses. 
Observed eye-movement response in normals 
Figure 3 shows a table of the spatial plots of eye-
movement responses for a series of unilateral and 
bilateral stimuli for 8 normal subjects. These plots 
show that the magnitude and relative proportion of 
eye-movement response components is quite variable 
between 8 normal subjects, but that the directions of 
eye-movement responses arc quite predictable. Normal 
responses arc also symmetrical with respect to 
stimulated side and to stimulating polarity, and show 
additivity of unilateral I bilateral conditions (except for 
torsional position which is 'dumped out' by 
unsuppressed nystagmus in darkness). The average 
response of these 8 normal subjects is also shown and 
provides the nominal values for the predicted 
magnitudes of the modelled eye-movement responses. 
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Figure 3 The eye-movement responses fo r 8 normal subjects. Each individual subject's responses arc contained in a single column. The 
conditions of unilateral/bilateral stimulation are arranged in rows. For assistance in interpreting the spatial representations of eye-
movements, please see the global key to figures presented in Figure 21. 
Predicted contributions of the vestibular endorgans 
Figure 4 shows a table of the predicted eye-movement 
responses to anodal and cathodal current at SmA, for 
each of the individual endorgans and based on the 
assumptions and previous observation described in the 
introduction. 
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Figure 4 Contributions of the individual endorgans (columns) to the eye-movement responses for each of two stimulating polarities: 
anodal and cathodal (rows). For assistance in interpreting the spatial representations of eye-movements, see the global key to figures 
presented in Figure I. 
Predicted eye-movement response in patients 
Predictions of the eye-movement response to a 
particular GVS condition arc a simple sum of the 
contributions from the specific endorgans thought to be 
functional in patients with the particular GVS 
condition, as follows. 
i) The predicted response of a patient with bilateral 
vestibular dysfunction is generated by setting the 
contribution from all cndorgans on both sides to 
zero. 
ii) The predicted response of a patient with unilateral 
vestibular dysfunction is generated by setting the 
contribution from all endorgans on the affected 
side to zero and the contribution from all 
endorgans on the healthy side to the average 
normal values. 
iii) The predicted response of a patient with 
CHARGE syndrome is generated by setting the 
contribution from all canals on both sides to zero 
and the contribution from the otoliths on both 
sides to the nominal average normal values. 
iv) The predicted eye-movement response of a 
patient with any single sec, or combination of 
sees, surgically blocked (for reasons not related 
to other pathology relevant to the GVS response) 
is generated by setting the contribution from all 
endorgans to the nonnal values. This is because 
canal blocks should not affect the response of the 
SCCs to GVS unless some adaptation or 
compensation has occurred. 
v) The predicted response of a patient with neuritis 
of the superior division of the vestibular nerve is 
generated by setting the contribution from the 
utricle, the anterior sec, and the lateral sec on 
the affected side to zero and the contribution from 
all other endorgans to the normal values. 
vi) The predicted response of a patient with neuritis 
of the inferior division of the vestibular nerve is 
generated by setting the contribution from the 
saccule and the posterior sec on the affected side 
to zero and the contribution from all other 
endorgans to the normal values. 
Obviously these predictions represent a huge 
simplification of the complex state of dysfunction 
likely to be affecting any real world individual. This 
combined with the significant variability in responses, 
even for a normal population, means that the 
predictions arc only intended to reflect tendencies that 
may be evident in the patient responses. 
Figure 5 shows a table of the predicted eye-movement 
responses for various types of vestibular dysfunction 
(columns) and GVS conditions (rows). For each 
dysfunction type, a unique pattern of predictions can 
be seen across a number of GVS conditions. For 
example, in a patient with unilateral dysfunction, the 
affected side is indicated by the combination of a 
relatively normal response seen in GVS conditions 
involving stimulation of one side, and a decrement in 
function seen in the response to GVS conditions 
involving stimulation of another side. 
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Figure 5 shows the predicted eye-movement responses for 9 classes of vestibular dysfunction (columns}, preceded by the predicted eye-
movement response for nonnal subjects (which is taken as the average of the eye-movement responses for 8 nonnal subjects: first 
column). The conditions of unilateral/bilateral stimulation are arranged in rows. (Sec the global key to figures presented in Figure 2). 
Observed eye-movement response in patients 
Figure 6 shows a table of the observed eye-movement 
responses of 7 patients with known types of vestibular 
dysfunction to a number of GVS conditions. In the 
following, we analyse the response in terms of the 
predictions for the model. 
Comparison: 
Bilateral Vestibular Dysfunction 
A patient with bilateral vestibular loss has no function 
from any vestibular sensory region on either side, and 
so the model predicts that such a patient should show 
little eye-movement response to GVS delivered to 
either side (Figure 5, column 2). 
The averaged eye-movement response to GVS of 
Patient 1 (diagnosed with bilateral vestibular loss) 
shows small horizontal and vertical nystagmus but 
otherwise minimal responses to GVS (Figure 6, 
column 2). The components of the patient's residual 
responses suggest that there may be some retained 
function of the left anterior and right posterior 
semicircular canals, and, to a lesser extent, the right 
lateral canal. These observations are consistent with 
this patient's diagnosis of bilateral vestibular loss 
(almost total horizontal canal loss: L, 80% paresis: R). 
Patient 2 (diagnosed with right vestibular neuritis) also 
shows very little response to GVS delivered to either 
side (Figure 6, column 3). A lack of response by many 
patients with vestibular neuritis is addressed in the 
discussion. 
Comparison: 
Unilateral Right Vestibular Dysfunction 
The model predicts that a patient with right unilateral 
loss should show normal eye-movement responses to 
GVS delivered to the healthy (lefl) side, little response 
to GVS delivered to the affected (right) side, and 
responses to bilateral stimulation that are essentially 
identical to the responses to the unilateral components 
of the bilateral stimulus (Figure 5 column 3). 
The eye-movement responses to GVS of Patient 3 
(diagnosed by independent tests of vestibular function 
as having unilateral right vestibular loss) shows 
relatively normal response to GVS on the healthy (left) 
side, but smaller oculomotor response to GVS to 
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Figure 6 shows a table of the observed eye-movement responses of 7 patients with known types of vestibular dysfunction to a number of 
GYS conditions. Ln the following, we analyse the response in terms of the predictions for the model. (See the global key to figures 
presented in Figure 2). 
affected (right) side (Figure 6, colwnn 4). There is 
substantial asymmetry in the various components of 
this patient's response (indicating greater functional 
response from the left labyrinth). These observations 
are consistent with this patient's diagnosis of unilateral 
(right) vestibular loss. 
Comparison: 
Unilateral Left Vestibular Dysfunction 
The model assumes that a patient with unilateral 
vestibular loss has no functional response from any 
vestibular sensory region on the affected side but 
normal function from the healthy side. Thus, the 
model predicts that a patient with left unilateral loss 
should show normal eye-movement responses to GVS 
delivered to the healthy (right) side, little response to 
GVS delivered to the affected (left) side, and responses 
to bilateral stimulation that are essentially identical to 
the responses to the unilateral components of the 
bilateral stimulus (Figure 5 column 4). 
The eye movements of Patient 4 (diagnosed by 
independent tests of vestibular function as having 
unilateral left vestibular loss) show relatively normal 
response to GVS on the healthy (right) side, but also a 
small oculomotor response to GVS to affected (left) 
side (Figure 6, column 5). There is substantial 
asymmetry in the OTP and horizontal nystagmus 
components of this subject's response (indicating 
greater functional response from the right labyrinth). 
These results are consistent with some retained 
function of at least both otoliths and the lateral 
semicircular canal on the right, and also suggest that 
this patient retains some function in the left lateral 
canal. This patient also bas some hearing preserved on 
the left side, which might suggest that some nerves 
were spared on the side operated on (neurectomy) 15 
years earlier. These observations are consistent with 
this patient's diagnosis of unilateral (left) vestibular 
loss. 
Comparison: 
CHARGE syndrome 
The model assumes that a patient with CHARGE 
syndrome has no function in any semicircular canal on 
either side but preserved bilateral function of the 
otoliths. The model predicts that such a subject should 
not show substantial eye-velocity response 
components to GVS but should show normal otolith-
related eye-movement responses or OTP (Figure 5, 
column 5). 
The averaged eye-movement responses to GVS of 
Patient 5 (diagnosed with CHARGE syndrome) show 
an absence of velocity responses to GVS (note that 
Patient 5 was tested with a fixation light, which would 
tend to suppress horizontal and vertical nystagmus); 
however, the subject's GVS-related OTP changes arc 
consistent with the responses of normal subjects, both 
in direction and magnitude (Figure 6, column 6). 
There is no substantial asymmetry in this subject's 
responses. These results arc consistent with lack of 
any functional response from any of the semicircular 
canals on either side, accompanied by retained 
function of the otoliths in this subject. These 
observations are consistent with this subject's 
diagnosis of CHARGE syndrome. 
Comparison: 
SSC Occlusion: Right Lateral Canal 
The model assumes that a patient with any single or 
combination of SCCs occluded has a normal response 
to electrical stimulation from all endorgans regardless 
of the insensitivity to mechanical stimulation during 
angular acceleration caused by the blockage of the 
flow of endolymph. 
This idea also assumes that no central modification of 
the weighting of inputs from various endorgans occurs 
after the block procedure. This assumption is probably 
not accurate, but since we don't know whether the 
signal from a blocked canal is tuned up (amplified) or 
down (attenuated) a prediction of'no change' was used 
as a working hypothesis. 
The eye-movement responses of Patient 6 (with a right 
lateral SSC occlusion) to GVS show substantial 
asymmetry in the OTP and horizontal nystagmus 
components of this subject's response (indicating 
greater functional response from the right side: Figure 
6 column 7). These results are consistent with retained 
and even augmented response from the occluded sse. 
Comparison: 
Vestibular Neuritis: Right Inferior Division 
The model assumes that a patient with unilateral 
neuritis of the inferior division of the vestibular nerve 
has no functional response from either the saccule or 
the posterior SCC on the affected side. The utricle and 
the lateral and anterior sees on the affected side, as 
well as all endorgans on the healthy side, are assumed 
to be functional. The model predicts that a subject with 
right inferior-division neuritis should show vertical 
nystagmus in response to GVS delivered to the 
affected (right) side, as a result of the imbalance in 
activity of the vertical canals; specifically, that 
anodal stimulation should generate downward SPY. 
OTP and horizontal and torsional nystagmus are 
predicted to be normal (Fig 5, Column 9). 
The eye-movement responses of Patient 6 (diagnosed 
with 'vertigo') to GVS show vertical nystagmus (with 
slow phases directed down) in response to anodal 
GVS delivered to the right (affected) side. GVS 
delivered to the left (healthy) side produced relatively 
normal eye-movement responses, including absent 
vertical components, in this patient (Figure 6 column 
8). There is substantial asymmetry in the OTP and 
horizontal and vertical nystagmus components of this 
subject's response (indicating greater functional 
response from the left side - note that the asymmetry in 
vertical SPV indicates the right side is abnormal due to 
the larger vertical response on the right, whereas the 
asymmetries in OTP and horizontal SPY indicate 
reduced function on the right due to smaller responses 
on the right). These results are consistent with retained 
functional response from all endorgans except the 
saccule and posterior sec on the affected (right) side, 
which would be consistent with a diagnosis of 
unilateral (right) inferior division neuritis. 
Conclusion 
The responses of patients arc quite different to those of 
healthy normal subjects in a number of ways, 
including: response magnitudes, directions, and 
symmetry between sides. The patient responses arc 
similar to the model's predictions for their specific type 
of vestibular dysfunction in a number of ways. As 
predicted, patients with bilateral dysfunction show 
minimal systematic response to GVS delivered to 
either side. Patients with unilateral dysfunction show 
relatively normal responses to GVS on their healthy 
side but a much smaller response to GVS delivered to 
their affected side, consistent with dysfunction of all 
cndorgans on their affected side. The patient with 
CHARGE syndrome showed absent eye-velocity 
responses but preserved torsion position changes in 
response to GVS, consistent with canal hypoplasia 
associated with this syndrome and which bad been 
visualized on this patient's anatomical scans. The 
patient with neuritis showed vertical nystagmus in 
response to GVS delivered to the affected side, but a 
relatively normal response to stimulation of the healthy 
side, consistent with dysfunction of the posterior canal 
and saccule on the affected side (neuritis of the inferior 
division). 
The eye-movement responses of patients with known 
types of vestibular dysfunction are consistent in many 
respects with the predictions from a model that 
assumes that GVS tends to stimulate all cndorgans in 
an idiosyncratic, yet predictable, fashion. 
Discussion 
In previous studies with normal subjects, we have 
shown that an individual's eye-movement response 
pattern to GVS is idiosyncratic, but repeatable; that 
normal subjects show symmetrical responses to GVS 
delivered to the left or right mastoid and to anodal or 
cathodal current polarities; that the magnitude of an 
individual's eye-movement response to GVS is a linear 
function of the magnitude of the current passed, 
modulated by the individual's own sensitivity or gain; 
that the response in darkness to bilateral GVS 
stimulation seems to be a simple sum of the responses 
to unilateral stimulation of each side; that there exists 
adaptation or an overshoot in response to the offset of 
GVS and that there also seems to be slow decay of 
these eye-movement responses, with time constants of 
some hundreds of seconds (4,9). 
These principles have formed the basis for a heuristic 
model of eye-movement responses that uses a simple 
addition of the weighted contributions from each 
vestibular sensory region. The model outputs accurate 
representations of the responses of normals, and 
generates novel predictions about the idealised 
responses that are expected due to various kinds of 
known vestibular lesions. Patients diagnosed with 
specific vestibular lesions have been tested, and their 
responses have been consistent with the model's 
predictions; however, the model also makes 
predictions about patients with various other vestibular 
lesions. 
The present results support the validity of the model 
and, thereby, the argument that surface GVS tends to 
stimulate all vestibular endorgans to various degrees 
and in an idiosyncratic, yet predictable, fashion. In 
each case, the response predicted by the model is 
derived by modifying the contribution of the sensory 
regions affected by the diagnosed lesion (e.g. 
minimising the contribution of all endorgans on the left 
in the case of a patient with surgical unilateral loss on 
the left). The idealised response could then be tuned to 
the subject's observed response by making 
symmetrical modifications to the activation of sensory 
regions, within a range consistent with the variability 
seen in a nonnal population. 
Of the 10 patients in our original sample, 5 showed 
responses that included one or more diagnostically 
useful features, such as: remaining vestibular function; 
asymmetry in response from each labyrinth; and 
vertical responses from an imbalance of anterior and 
posterior canals. The other half of our patient sample 
showed little response to GVS, and this may be for a 
number of possible reasons. Patients may have 
bilateral dysfunction due to various causes, including 
the degeneration associated with aging (patients in this 
category tended to be older than those in the normal 
group); they may have unilateral dysfunction which 
produces an imbalance between the two labyrinths 
which is compensated for by central suppression of 
signal from both sides; or they may simply be 
individuals who, like the extremes of the normal 
continuum, are insensitive to GVS. 
It is important to bear in mind that a lack of a particular 
response to GVS does not implicate vestibular 
dysfunction, because of this variability in response of 
normal healthy subjects. A lack of response to GVS 
could result equally from nonnal variations in factors 
such as impedance paths between delivery at the 
surface and stimulation at the spike trigger zone, or 
abnormal disruptions anywhere along the path from 
the spike trigger zone through central processes and 
oculomotor output. The absence of eye-movement 
response to GVS does not, therefore, necessarily 
implicate endorgan dysfunction. In contrast, the 
presence of an eye-movement response to GVS 
indicates effective delivery of the stimulus, as well as 
entailing the function of everything upstream from the 
site of activation (the spike trigger zone of primary 
afferents). This means that patients with vestibular 
loss that has been inferred from other tests may still 
show responses to GVS (even after undergoing 
surgical ablation, if some nerve endings remain), and 
vice versa. Since a GVS test (like all clinical tests) 
would not be absolutely conclusive, accurate diagnosis 
is likely to remain a question of evidence from a 
number of different sources. However, developments 
in 3-D eye-movement recording systems and GVS 
delivery methods may provide indicators of remaining 
vestibular function, of asymmetry in response from 
each labyrinth, and of vertical responses from an 
imbalance of anterior and posterior canals, all of which 
would be useful in a clinical, diagnostic and/or 
therapeutic setting. 
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Table I Amplitudes of the average eye-movement responses for the 
8 normal subjects during each galvanic condition from which the 
spatial representations in Figure 3 were generated. 
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Table 2 Amplitudes of the average eye-movement responses for the 
7 patients during each galvanic condition from which the spatial 
representations in Figure 6 were generated. 
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5.3 FOLLOW UP 
5.3.1 HEURISTIC MODEL OF THE RESPONSE TO GYS 
By taking the principles derived from our previous studies (MacDougall et al., 2002; 
MacDougall et al., 2003) as the foundation of a heuristic model of the normal response to 
surface GYS, we sought to determine whether the eye-movement patterns could be 
understood as combinations of stimulation affecting different vestibular sensory regions. 
A schematic diagram of the model's structure is shown in Figure 5.1. The model is 
constructed to represent an individual's characteristic eye-movement response to GYS, by 
varying the effective contribution of each vestibular sensory region. 
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Figure 5.1 A schematic diagram of the structure of an heuristic model of the action of 
maintained surface GVS that attempts to attribute particular components of the eye-
movement response to the stimulation of individual vestibular endorgans. 
The model attempts to be realistic or biologically plausible in that each of its elements can 
be supported by theoretical or empirical evidence. Predictions about each of the eye-
movement components, OTP, horizontal, torsional and vertical SPY, are calculated as a 
simple difference (A in Figure 5.1) of input from the left and right vestibular labyrinths, 
(the left side is greyed out for simplicity). This simple difference is supported by our 
previous observations of the additivity ofunilateral and bilateral stimuli (H. MacDougall et 
al., 2002). The left and right labyrinths in the model are functionally identical, reflecting 
the fact that no significant asymmetries were observed or expected in our previous studies 
of normal human subjects (H. MacDougall et al., 2002; H. MacDougall et al., 2003). 
The magnitudes of all eye-movement components are modulated by current strength (B in 
Figure 5.1) in a linear fashion, by multiplying the characteristic temporal response profiles 
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which we attributed to canals and otoliths (C in Figure 5.1) by the magnitude of current 
delivered via surface electrodes (D in Figure 5.1). This is again consistent with our 
observations of a linear relationship between the magnitude ofT POS, H SPV, and T SPV 
responses and current amplitudes from 1 to 5mA. We have also found that eye movements 
to anodal and cathodal stimulation are symmetrical. Thus, the sign of the current input can 
be positive or negative, with no special consideration needed for polarity. 
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Figure 5.2 Maintained stimulation of the otoliths (such as during static roll tilt of the 
head with respect to gravity) mainly produces sustained eye position changes -
adapted from Wearne (1993). 
The studies of Suzuki & Cohen (1966) show that for the eye movements produced by 
electrical vestibular stimulation in the cat and monkey, the spatial components of the 
VORs can be attributed to activation of specific vestibular sensory regions. Maintained 
stimulation of the otoliths (such as during static roll tilt of the head with respect to gravity) 
produces maintained OTP changes (Diamond & Markham, 1983), whereas stimulation of 
the sees mainly produces nystagmus around an axis that is roughly perpendicular to the 
plane of that canal. 
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Figure 5.3 Stimulation of a particular SCC results in contraction and extension of 
particular extraocular muscles and corresponding eye movements including torsion 
position and nystagmus around an axis that is roughly perpendicular to the plane of 
that canal- adapted from (Suzuki & Cohen, 1966). 
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The model then derives an individual prediction about OTP by adding together (E in 
Figure 5.1) a contribution from the sees, and from the otoliths. Our previous 
investigations of otolith stimulation compared OTP in conditions of matched interaural 
acceleration (utricular shear) and showed that the OTP response that is traditionally 
thought to result from otolith stimulation is also modulated by dorsoventral linear 
acceleration - possibly implicating saccular stimulation and making this response truly 
'otolithic' (MacDougall et al., 1999). The proportions of 3:1 utricular (F in Figure 5.1) to 
saccular (G in Figure 5.1) contribution are derived from our empirical data from a 
population of ten normal subjects and are consistent with relevant findings in the literature 
(de Graaf et al., 1996). OTP predictions would be very similar without this small saccular 
contribution, but it is included in the model for theoretical consideration. A contribution 
from all 3 canals is combined (K in Figure 5.1) and multiplied by a small weighting factor 
(Lin Figure 5.1) to calculate the canal contribution to OTP. 
The prediction for horizontal SPV is generated by simply inverting (I in Figure 5.1) the 
contribution from the horizontal canal so that the sign of the predicted eye-movement 
response obeys the right-hand rule. Vertical SPV is calculated by taking the difference 
between the contribution from the anterior and posterior canals (J in Figure 5.1). 
Stimulation of the anterior canal and of the posterior canal both produces vertical and some 
torsional eye movement. In normal healthy subjects the vertical eye movements produced 
by the action of GVS on the anterior canal is opposed by that from the posterior canal, so 
that the simultaneous stimulation of both vertical canals produces mainly torsional 
nystagmus with almost no vertical components. A contribution from all 3 canals is 
multiplied by a large weighting factor (Min Figure 5.1) to predict torsional SPV. 
The model has been constructed and weighting factors calculated such that, by setting all 
of the contributions to an arbitrary average value of 0.5, the predictions for all 4 eye-
movement response components match the average eye-movement response pattern seen in 
our normal population. The contribution of each of the model's 'vestibular inputs' can then 
be increased or decreased from the mean (normal) value in a way that reflects the 
anticipated increase or decrease in contribution from endorgans implicated in a particular 
type of dysfunction or vestibular condition. The model thus generates predictions about 
the characteristic of eye-movement responses for patients with various vestibular 
conditions. The present study investigates whether the responses of patients with known 
vestibular dysfunction are consistent with these predictions. 
Although the model can predict eye movements affected by visual fixation, in the 
following we concentrate on the results obtained during GVS in total darkness, since 
testing in light results in suppression of some response components (e.g. horizontal and 
vertical eye velocity). 
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5.3.2 MODEL OF THE NORMAL RESPONSES TO GVS 
Since normal subjects show substantial variability in both i) overall magnitude of response 
to GVS and ii) proportions of eye-movement response components, the model predictions 
can only specify which responses should be absent in response to GVS. Response 
components that are not implicated in a particular type of vestibular dysfunction are 
assumed to be normal, i.e. they may vary in magnitude and pattern, just as they do for 
normal subjects. For this reason, before examining the model's predictions and the 
observed responses of patients to GVS, it is important to understand the model's 
predictions and the responses for normal subjects to GVS. 
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Figure 5.4 The model has a graphical user interface that allows selection of various 
stimulus parameters and the displays of eye movement predictions including: the 
spatial representation used in our publication (MacDougall et al. , in preparation), an 
animation of eyeball motion, and as grey columns ranging over the 95% confidence 
intervals (from 10 normal subjects) and extending to 0° or Odeg/s (i.e. no response). 
The model assumes that a subject with no history of vestibular dysfunction should show 
average functional responses to GVS from all endorgans. The model predicts that such a 
subject should show changes in OTP and horizontal and torsional slow-phase nystagmus 
velocity (directed toward the anode and/or away from the cathode), but no vertical 
nystagmus. The model predicts that such a subject will show responses to bilateral 
stimulation that are approximately twice the magnitude of responses to unilateral GVS; 
that the response to GVS will increase as a linear function of increasing current strength; 
that the response to GVS delivered to either side will be symmetrical; and that the response 
to GVS of either stimulating polarity will be symmetrical. The range of normal responses 
is indicated on all figures by the grey bars (95% confidence intervals based on the average 
response of our normal population). 
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Figure 5.5 Raw (left) and averaged (right} eye-movement responses to GVS of a 
normal subject. 
Figure 5.5 shows the raw (left) and averaged (right) eye-movement responses to GVS of a 
normal subject. This subject's data shows eye-movement responses to GVS that are within 
the range predicted for normals (Figure 5.4), and only minimal asymmetry in this subject's 
OTP responses. These results are consistent with functional response within the normal 
range from all vestibular endorgans in this subject. Note also that this subject's responses 
indicate a greater than average functional response to GVS from the lateral sees of both 
sides, and a lower than average functional response to GVS from the anterior and posterior 
sees ofboth sides, but a functional response from the otoliths of both sides that is close to 
the average. 
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5.3.3 MODEL OF ABNORMAL RESPONSES TO GVS 
SPONTANEOUS NYSTAGMUS 
The model assumes that any spontaneous nystagmus displayed by a patient is constant, 
separate and additional to nystagmus driven by GYS. The model predicts that any 
spontaneous nystagmus merely causes a DC shift in all velocity responses driven by 
subsequent delivery of GYS, with the overall velocity and OTP responses to GYS 
depending upon the patient's category of vestibular dysfunction. Thus, a patient with 
spontaneous nystagmus that is not of vestibular origin should show a normal pattern of 
eye-movement responses to GVS, but with a magnitude of response offset by the 
magnitude of spontaneous nystagmus (grey columns, Figure. 5.6). 
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Figure 5.6 Raw (left) and averaged (right) eye-movement responses to GVS of a 
subject with significant spontaneous nystagmus of non-vestibular origin - possibly 
related to their history of trrgeminal neuralgia. 
Figure 5.6 shows the raw and averaged eye-movement responses to GVS of a subject with 
spontaneous nystagmus and a history of trigeminal neuralgia but no known vestibular 
dysfunction. This subject's spontaneous nystagmus beats upwards and to the right. This 
subject's data shows relatively normal response to GVS delivered to either side. These 
results are consistent with retained normal functional response from all endorgans. 
Because spontaneous nystagmus causes an overall shift in the affected velocity responses, 
it has been subtracted prior to assessing patients' response to GVS. However, the 
magnitude and direction of this spontaneous nystagmus may be diagnostically significant; 
and so this information is retained for separate analysis. 
BILATERAL VESTIBULAR DYSFUNCTION 
The model assumes that a patient with bilateral vestibular loss has no function from any 
vestibular sensory region on either side, and predicts that such a subject should show little 
eye-movement response to GVS delivered to either side. 
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-'· '-·· Figure 5.7 Raw (left) and averaged (right) eye-movement responses to GVS of a 
subject diagnosed with bilateral vestibular loss. 
Figure 5.7 shows the raw and averaged eye-movement responses to GVS of a patient 
diagnosed with bilateral vestibular loss. The data show small horizontal and vertical 
nystagmus but otherwise minimal responses to GVS. These results are consistent with 
some small degree of retained function of the left anterior and right posterior semicircular 
canals, and, to a lesser extent, the right lateral canal in this subject. These observations are 
consistent with this patient's diagnosis of bilateral vestibular loss ( ~ 100% canal paresis: 
left, 80% canal paresis: right). 
UNILATERAL VESTIBULAR DYSFUNCTION 
The model assumes that a patient with unilateral vestibular loss has no functional response 
from any vestibular sensory region on the affected side but normal function from the 
healthy side. Thus, the model predicts that a patient with left unilateral loss should show 
normal eye-movement responses to GVS delivered to the healthy (right) side, little 
response to GVS delivered to the affected (left) side, and responses to bilateral stimulation 
that are essentially identical to the responses to the unilateral components of the bilateral 
stimulus. 
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Figure 5.8 Raw (left) and averaged (right) eye-movement responses to GVS of a 
subject diagnosed with unilateral (left) vestibular loss. 
Figure 5.8 shows the eye-movement responses to GVS of a patient diagnosed by 
independent tests of vestibular function as having unilateral left vestibular loss. The data 
show relatively normal response to GVS on the healthy (right) side, but also a small 
oculomotor response to GYS to affected (left) side. There is substantial asymmetry in the 
OTP and horizontal nystagmus components of this subject's response (indicating greater 
functional response from the right labyrinth). These results are consistent with some 
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retained function of both otoliths on the right and of the right lateral semicircular canal, 
and also suggest that this subject retains some function in the left lateral canal. This 
patient also has some hearing preserved on the left side, which might suggest that there are 
some nerves intact on this operated side, despite the patient undergoing left neurectomy 15 
years earlier. These observations are consistent with this patient's diagnosis of unilateral 
(left) vestibular loss. 
CHARGE SYNDROME 
The model assumes that a patient with CHARGE syndrome has no function in any 
semicircular canal on either side but preserved bilateral function of the otoliths. The model 
predicts that such a subject should not show substantial eye-velocity response components 
to GVS but should show normal otolith-related eye-movement responses (i.e. changes in 
OTP in the normal range). 
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Figure 5.9 Raw (left) and averaged (right) eye-movement responses to GVS of a 
subject diagnosed with SCC hypoplasia associated with CHARGE Syndrome 
Figure 5.9 shows the raw and averaged eye-movement responses to GVS of a patient 
diagnosed with CHARGE syndrome. This subject's data shows an absence of velocity 
responses to GVS (note that this patient was tested with a fixation light, to suppress the 
vigorous spontaneous nystagmus exhibited in darkness); however, the subject's GVS-
related OTP changes are consistent with the responses of normal subjects, both in direction 
and magnitude. There is no substantial asymmetry in this subject's responses. These 
results are consistent with lack of any functional response from any of the 6 semicircular 
canals, accompanied by retained function of the otoliths in this subject. These 
observations are consistent with this subject's diagnosis of CHARGE syndrome (see 
Section 5.3.4 for a more detailed description of CHARGE syndrome). 
VESTIBULAR NEURITIS - INFERIOR DIVISION 
The model assumes that a patient with unilateral neuritis of the inferior division of the 
vestibular nerve has no functional response from either the saccule or the posterior SCC on 
the affected side, but retains normal function from the utricle and lateral and anterior sees 
on the affected side, as well as all endorgans on the healthy side. The model predicts that a 
subject with right inferior-division neuritis should show vertical nystagmus in response to 
GVS delivered to the affected (right) side, as a result of the imbalance in activity of the 
vertical canals on the affected side, as well as normal changes in OTP and horizontal and 
torsional nystagmus (see Section 5.3.5 for more a more detailed description of Vestibular 
Neuritis). 
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Figure 5.10 Raw (left) and averaged (right) eye-movement responses to GVS of a 
subject diagnosed with vestibular neuritis 
Figure 5.10 shows the eye-movement responses to GYS of a patient with an unspecific 
diagnosis of 'vertigo'. The data show vertical nystagmus (with slow phases directed 
down) in response to GYS delivered to the right (affected) side. GYS delivered to the left 
(healthy) side produced relatively normal eye-movement responses, including cancelled 
vertical components, in this patient. There is substantial asymmetry in the OTP and 
horizontal and vertical nystagmus components of this subject's response (indicating greater 
functional response from the left side - note that the asymmetry in vertical SPY indicates 
the right side is abnormal due to the larger vertical response on the right, whereas the 
asymmetries in OTP and horizontal SPY indicate reduced function on the right due to 
smaller responses on the right) . These results are consistent with retained functional 
response from all endorgans except the saccule and posterior sec on the affected (right) 
side, which is consistent with a diagnosis of unilateral (right) inferior division neuritis. 
SEMICIRCULAR CANAL OCCLUSION 
The model assumes that a patient with any single SCC or combination of SCCs occluded 
has a normal response to electrical stimulation from all endorgans, regardless of the 
insensitivity to mechanical stimulation during angular acceleration caused by the blockage 
of the flow of endolymph. This idea also assumes that no central modification of the 
weighting of inputs from various endorgans occurs after the block procedure. This 
assumption is probably not accurate, but is used as a working hypothesis since we do not 
know whether the signal from a blocked canal is tuned up (amplified) or down 
(attenuated). 
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Figure 5.11 Raw (left) and averaged (right) eye-movement responses to GVS of a 
subject with a right lateral SCC Occlusion. 
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The eye-movement responses to GVS of a patient with a right lateral SCC occlusion show 
substantial asymmetry in the OTP and horizontal nystagmus components of this subject's 
response indicating greater functional response from the right side. These results are 
consistent with retained and even augmented response from the occluded SCC. 
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5.3.4 MORE ON CHARGE SYNDROME 
The CHARGE association or Syndrome refers to patients with a specific set of birth 
defects. "CHARGE" originally came from the first letter of some of the most common 
features of the syndrome: Coloboma, Heart defects, Atresia of the choanae, Retardation of 
growth and development, Genital and urinary abnormalities, Ear abnormalities and/or 
hearing loss (Tellier et al., 1998; Wiener-Vacher, Amanou, Denise, Narcy, & Manach, 
1999). 
Patients with CHARGE syndrome are particularly interesting because they often have 
complete bilateral canal hypoplasia, and therefore their eye-movement, postural, and 
perceptual responses to vestibular stimulation are limited to those of otolith origin. This 
canal hypoplasia can be visualised on the patient's scans and results in a total lack of 
response during rotation, head impulse, and caloric testing. Otolith function can be fairly 
normal and can be assessed using the responses to static roll tilt, VEMP (vestibularly 
evoked myogenic potential or 'click' tests), or to linear acceleration on a human centrifuge 
or sled. We were lucky enough to have a small number of patients with CHARGE 
syndrome to test using many of these methods, and with galvanic vestibular stimulation 
(GVS). 
The eye-movement response to GVS from a CHARGE patient is probably generated by 
otolith stimulation, and so these individuals tell us something about how the various end 
organs contribute to the normal eye-movement response. We do not know what canal 
afferents might remain, if they can be stimulated, or how this stimulation might be 
processed centrally in CHARGE patients, but we do think that evidence from this source is 
useful in our attempt to argue that maintained surface GVS stimulates all the vestibular end 
organs in normal subjects. 
Figure 5.12 MRI scans at the level of the vestibular labyrinth for a CHARGE patient 
(subject 5: H. MacDougall et al., 2003}. 
CHAPTER 5: 3-D Eye-Movement Responses to Surface GVS in Normals and Patients 
Figure 5.13 3-D computer reconstructions (by Mike Todd at the EERU, RPA) from a 
series of MRI scans through vestibular labyrinth for a CHARGE patient (subject 5: 
MacDougall et al., 2003, left) and a vestibularly normal subject (right) show the sec 
hypoplasia even more clearly. The reconstruction of the normal labyrinth is 
superimposed in grey on the CHARGE patient's labyrinth for comparison 
102 
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5.3.5 MORE ON VESTIBULAR NEURITIS 
Vestibular neuritis is thought to be caused by an infection or inflammation of the vestibular 
nerve. The disease process sometimes affects transmission of signals from only one of two 
different combinations of vestibular end organs - the anterior and lateral semicircular 
canals and the utricle, or the posterior semicircular canal and the saccule. This division of 
endorgan involvement is thought to reflect pathology in either the vestibular innervation 
pattern or the vestibular vasculature that are both divided into the same two groups (Fetter 
& Dichgans, 1996). The anterior canal, lateral canal and the utricle are innervated by the 
superior division of the vestibular nerve, and are supplied with blood via the anterior 
vestibular artery. The posterior canal and the saccule are innervated by the inferior 
division of the vestibular nerve, and are supplied with blood by the posterior vestibular 
artery. 
HORIZONTAL CANAL SUPERIOR 
ANTERIOR CANAL )-- VESTIBULAR 
UTRICULAR MACULA NERVE 
POSTERIOR CANAL l....._ INFERIOR 
SACCULAR MACULA r VESTIBULAR 
NERVE 
Figure 5.14 The anterior canal, lateral canal and the utricle are innervated by the 
superior division of the vestibular nerve, and are supplied with blood via the anterior 
vestibular artery. The posterior canal and the saccule are innervated by the inferior 
division of the vestibular nerve. and are supplied with blood by the postenor vestibular 
artery. 
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5.5 RELEVANCE TO THE LITERATURE 
There is little information in the literature regarding the complex 3-D eye-movement 
response to maintained GVS of patients with various types of vestibular dysfunction. This 
information is particularly important for basic research because differences between the 
eye-movement responses to GVS for normal subjects and patients reveal important 
information about the operation of the normal vestibular system in the same way that 
lesion studies can. This description is obviously also critical to the development of a 
clinically useful diagnostic tool. 
HOW AND WHERE GVS ACTS 
There is little agreement about which of the canal and otolith sensory regions are 
stimulated by surface GVS; in fact, there is still some disagreement about whether GVS 
preferentially activates the peripheral vestibular system at all. Unilateral neck muscle 
vibration is an example of a stimulus to the balance system that can produce eye 
movements and perception that appear to be of vestibular origin. Proprioceptive activation 
by surface galvanic stimulation could be an alternative explanation for eye-movement 
responses. GVS stimulation in bilaterally vestibular deafferented patients and 
labyrinthectomised animal models would go some way to test this possibility. 
The results of physiological data, such as the single-unit responses of anaesthetised animal 
models to GVS delivered via electrodes surgically implanted in contact with the vestibular 
sensors (Goldberg, Fernandez, & Smith, 1982; Kleine & Grusser, 1996; Minor & 
Goldberg, 1991), are sometimes over extended to explain the alert human eye-movement 
responses to surface GVS. A number of clinical and fMRJ studies (such as Lobel et al., 
1998) have used the evidence from animal models to make assumptions about the action of 
GVS in humans. 
The question of what is stimulated by maintained surface GVS is a complex one and is 
addressed at length in Chapter 6. The general lack of consensus in the literature regarding 
this issue can also be illustrated by the comparison of a small number of example papers 
from an even smaller group of authors: 
Kleine et al. (1996) described the responses of rat primary afferents to galvanic 
polarisation of the labyrinth. They used sine-wave galvanic stimulation with various 
amplitudes and phase angles between the two sides of stimulation. They found that the 
response from Scarpa's ganglion neurons suggested that "no systematic threshold 
differences exist for the neurons transmitting signals from the semicircular canals or the 
otolith receptors. Galvanic threshold and sensitivity differences exist, however, for 
regularly and irregularly discharging neurons" (p. 640-1). These authors also found that 
"the relationship between amplitude of the galvanic sine wave stimuli and the neuronal 
response amplitude was linear for regular units. For irregular units linearity was found up 
to stimulus amplitudes of 50 to 70 1-1A" (p. 639). 
Zink et al. (1997) describe the effect of 5-second square-wave galvanic pulses on ocular 
torsion and subjective tilt (peripheral and foveal). This paper reports data from which a 
degree of symmetry in OTP from the two stimulated sides, conjugacy of the two eyes, and 
the linear relationship between current strength and the amount of subjective visual tilt can 
be inferred, but these issues are not explicitly discussed or statistically analysed. The 
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authors conclude that: "there was a correlation between the amount of the three measured 
parameters and the strength of applied current. Static ocular torsion, central and peripheral 
visual tilts represent stimulus-induced tonic otolith imbalance between the two labyrinths. 
Thus GVS not only affects dynamic semicircular canal input but also static otolith input in 
the roll plane" (p. 171). 
Zink et al. (1998) is very similar to Zink et al. ( 1997), except that the linear relationship 
between current strength and the amplitude of static ocular torsion has been addressed 
much more effectively by using a larger number of current strengths to higher amplitudes. 
The authors conclude that: "galvanic vestibular stimulation at low current intensities (1-
3mA) preferably excites otolith responses, which increase with increasing current intensity. 
With high current intensity above 3mA, additional semicircular canal responses are elicited 
in the form of horizontal-rotatory nystagmus superimposed on the static torsional 
deviations" (p. 200). The conclusion, however, is still the same as the previous paper in 
which slow-phase velocity responses (which are attributed to the semicircular canals) are 
not linearly related to current strength. This observation disagrees with our observations 
and of those of other authors who find a linear relationship of both OTP and slow-phase 
velocity (Kleine et al., 1999). 
Dieterich et al. (1999) again use similar stimulation paradigms to Zink et al. (1998; 1997), 
and assess the 3-D eye-movement response of patients with bilateral vestibular failure. 
The authors found a low threshold for initiating nystagmus but did not attribute the 
responses to any particular endorgans. 
Kleine et al. ( 1999), on the variable otolith contribution to the galvanically induced 
vestibular-ocular reflex, found that (sinusoidal) GVS "consistently induced a sinusoidal 
modulation of torsional slow-phase velocity (SPY), which was linearly related to stimulus 
intensity" but also "that the contribution of possibly otolith related response components to 
the galvanic vestibular ocular reflex may vary considerably in normal individuals" (p. 
1143). This paper attributes the tonic torsional eye deviation at low frequencies of GVS to 
otolith-related neurons and postulates that the inter-individual variability in response 
reflects a variable degree of asymmetry in the functional organization of maculae. The 
authors reference their own previous work (Kleine & Grusser, 1996) and that of Goldberg 
et al. (1984) to argue the unphysiological nature of the stimuli, stating that "GVS leads to 
synchronized modulation of sec and otolith afferents, including simultaneous activation 
of otolith afferents innervating hair cells, with oppositely oriented polarisation sectors, on 
either side of the striola" (p. 114 7). A subject with greater cross-striola symmetry is 
supposed to respond with a smaller torsional position change due to the cancellation of 
inhibition and excitation. 
There are a number of problems with this explanation, including: its failure to address the 
large variability also evident in slow-phase velocity responses (which the author attributes 
largely to semicircular canals whose response to GVS is perhaps more "physiological"); its 
assumptions regarding the projections of regularly and irregularly discharging otolith 
afferents which have only really been established for vestibulo-spinal connections (for 
which cross-striola inhibitory connections have only been shown for about 50% of 
utricular afferents: Uchino, Sato, Kushiro, Zakir, & Isu, 2000); and, the fact that it assumes 
that "galvanic activations are similar for the afferents of every vestibular end organ", based 
on evidence from the previously mentioned studies of the response in vestibular nerve 
afferents in deeply anaesthetised animals. 
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The site of stimulation is not mentioned in the Kleine et al. (1996) article but we presume 
from the strong similarities, especially in current amplitudes, between this paper and 
Goldberg et al. (1984), that current was delivered via surgically implanted electrodes close 
to, or even in contact with, the perilymph. Goldberg et al. (1984) state that an advantage of 
this placement "was that the galvanic sensitivity of individual axons should not have been 
greatly influenced by their locations within the various nerve branches of sensory 
epithelia". Surgically implanted electrodes effectively bypass a potentially important 
source of variability in the response to surface electrode stimulation. Variability in the 
morphology or structure of the inner ear and its effect on the resistance or impedance path 
between electrodes at the surface and each sensory region may lead to variable otolith (and 
SCC) contribution. This explanation does not require the kind of cross-striola asymmetry 
which, if commonly found in any but the most acutely uncompensated patients, would 
probably provide an easier test of otolith dysfunction than the delivery of GVS. 
Schneider et al. (2000) compare the dynamics and time constants of OTP and torsional 
SPY responses to sinusoidal GVS with those induced by rotation and linear acceleration 
found in the literature. They propose a model for the central processing of torsional eye 
movements in which SCC effects on OTP are at least 3.5 times higher than utricular 
effects. 
Their "assumption that GVS induces similar flring rates in SCC and otolith fibres" (p. 
1562) is also based on monkey data obtained by Goldberg et al. (1984). They argue that 
the relative contribution of sec and otolith flbres can be calculated at 78% and 22% 
respectively. This calculation is based on various observations including: an (otolith) 
stimulus of 0.1 g produces one degree of otolith induced OT (Clarke & Engel horn 1998; in 
Schneider, 2001); a 0.1 g stimulus causes an average firing rate of3.72 spikes per second 
in the primary regular afferents (Fernandez, 1976; in Schneider, 2001); an angular velocity 
step of 2. 7 degrees per second in the role plane also produces one degree of (SCC-induced) 
OTP (Seidman, 1994; Tweed, 1994; in Schneider, 2001) and this produces an average 
firing rate of 1.05 spikes per second in the regular afferents of vertical semicircular canals 
(Fernandez, 1971; in Schneider, 2001). The combination of all these disparate observations 
leads the authors to expect GVS to produce 3.5 times more OT from the canals than from 
the otoliths. 
This analysis assumes that the response from vestibular nerve afferents of anaesthetised 
animals to galvanic stimuli delivered via surgically implanted electrodes is equivalent to 
the eye-movement response of alert human subjects to GVS delivered at the surface. This 
assumption and many others required to attempt this kind of analysis from flrst principles 
seem simplistic and especially unsuccessful in explaining the high variability of eye-
movement responses to GVS, compared with the natural stimulation from which their 
simple conversion factors were derived. 
Schneider et al. (200 1) compare ocular torsion patterns during natural and galvanic 
vestibular stimulation, in order to test their "hypothesis that both the tonic and phasic OT 
[from GVS] are mainly due to semicircular canal (SCC) stimulation by examining whether 
the OT patterns elicited by GVS can be produced by short SCC stimulations" (p. 2064). 
There are serious concerns regarding the rationale, stimulus methods and response 
measurement techniques, employed in this paper. 
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Rationale: The fact that two different stimuli may both produce the one response does not 
show that the two stimuli act in the same way, or on the same sensors. For instance 
calories and OKN both produce horizontal nystagmus, but by very different means. The 
fact that a subset of the eye-movement responses to GVS (OTP, and torsional SPY) can be 
reproduced by suppressing other eye-movement response components (by visual fixation) 
and by independently matching the components of a combined (step and ramp 
acceleration) stimulus delivered to all three pairs of SCCs does not mean that GVS 
responses are also due to sec contributions. It is not surprising that it is possible to 
produce characteristic amplitudes of torsional position and torsional slow-phase velocity 
by independently manipulating the magnitudes of the components (step acceleration, ramp 
acceleration), which produce the static and dynamic responses. It would be no more 
logical to equate the site of GVS with any other combination of stimuli capable of 
reproducing two features of the response. For example: if it were possible to produce the 
same torsional position and torsional slow-phase velocity responses using a different 
combined stimulus, such as off-centre rotation in the supine position on a centrifuge such 
that the radius of rotation varies the magnitude of interaural linear acceleration across the 
otoliths (producing OCR) and the angular acceleration varies the magnitude of the stimulus 
delivered to the vertical canals (producing torsional velocity), then we would have another, 
similarly irrational argument for the site of GVS activation. Perhaps measuring all the 
components of the eye-movement response to GVS and to their step-ramp rotation might 
reveal another weakness ofthis kind of argument. 
Stimulus: The method used by the authors to deliver a step ramp of angular acceleration to 
the sec during a pitch-forward position of the head seems to be very different from the 
"pure rotational stimulus" which they intend. An analysis based on one of the velocity 
traces presented in this paper indicates the presence of linear acceleration components 
much larger than the threshold for otolith stimulation and much larger than the "negligible" 
"maximal utricular shear forces expected from the off axis head rotation on the order of 
0.003 g". The paper states that subjects were positioned with their chins 50cm from the 
centre of rotation, but it is not clear whether they were facing into or away from the centre 
of rotation, or even whether the subjects were facing front to or back to motion. We have 
analysed their stimulus presuming that the subject is facing away from the centre of 
rotation because this seems the most likely necessity on the rotating chair described. The 
analysis for the subject, if facing towards the centre, would, however, be very similar, and 
the analysis based on the unlikely subject positions of facing-motion or of back-to-motion 
would be even more contaminated with interaurallinear acceleration. As can be seen from 
the traces of tangential and centripetal acceleration in Figure 5.15 that are derived from the 
published angular velocity trace, there are large systematic changes in the magnitudes and 
directions of the linear acceleration across the utricular and saccular maculae during the 
stimulus delivered by Schneider et al. (2001). Peak interaural linear accelerations of 0.4 
rn/s/s are over 20% of the peak 'pure utricular stimuli' used by Clarke and Engelhom 
(1998). The centripetal component, which acts in a combined dorso-ventral I nasa-
occipital direction, is even larger and varies from about 0.59 rn/s/s to 1.9 rn/s/s during the 
course of the published paradigm. This is especially confounding since many authors have 
now concluded that dorso-ventral accelerations contribute to the OCR response (de Graaf 
et al., 1996; H. G. MacDougall et al., 1999; Merfeld, 1996; Moore et al., 2001). The fact 
then that the authors' "pure canal" stimulus actually stimulates all the vestibular end 
organs, and in a very complex fashion, makes any conclusion regarding the action of GVS 
even more moot. 
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Figure 5.15 A schematic representation of a subject's head pitched forward and facing 
down and out from the axis of rotation. The minimum and maximum amplitudes of the 
linear accelerations expected during the angular velocity profile are shown from each 
of the viewpoints 'Side', 'Front', and 'Top' with black arrows and approximate figures 
indicated. The angles through which each of these linear acceleration components 
would be expected to sweep are represented in red and approximate figures 
indicated. The spatial relationship between the linear accelerations and the planes of 
the utricular and saccular maculae are also shown in green and blue respectively. 
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Figure 5.16 Analysis of the tangential and centripetal accelerations that can be 
expected to act about the vestibular endorgans of a subject who is arranged w1th their 
chin 500mm from the centre of rotation, with angular velocity derived from a trace from 
Figure 4: Schneider et al. (2001 ). 
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Response measures: It seems very ambitious to try to interpret the degree of similarity 
between very small eye-movement responses (< 5° to GVS of only 2mA and ramp 
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accelerations of 2°/s/s) using the techniques presented in the paper. While we accept that 
the use of artificial markers on the sclera simplifies the video analysis of torsional eye 
position relative to the camera, we do not think that the use of a chair-mounted camera is 
an effective method of stabilising the camera with respect to the head. Even with the use 
of a bite bar we would be very surprised if the eye-movement records presented contained 
no artefact due to relative camera-head movement (which would be interpreted as eye 
movement), especially since the step and ramp accelerations delivered to the subject would 
tend to rotate the head (due to inertial lag) around the very axis which would produce 
systematic errors in torsion. The fact that no bite bar but only a forehead and chin rest 
were used, leaves us even less convinced by the authors' analysis of eye position and their 
answer to the questions of whether "tonic and phasic OTP [from GVS] are mainly due to 
sec stimulation" (p. 2064). 
Empirical evidence: We tested a number of subjects using a variation of the Schneider et 
al. (2001) stimulus. We were able to adjust the orientation and radius or the chair on a 
short-arm centrifuge so that the axis of rotation passed mid way between the subject's 
vestibular labyrinths. This arrangement produces a much 'cleaner' angular velocity (canal) 
stimulus with little of the tangential and centripetal linear acceleration (otolith stimulation) 
generated at the radius of 50-55cm used by the previous authors. 
9.8ms-) 
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Figure 5.17 A schematic diagram of the arrangement of subjects with head pitched 
30° nose down, on a short arm centrifuge such that the earth vertical axis of rotation 
passed mid way between the subjects' vestibular labyrinths. 
We were also able to employ head mounted video eye-movement response measurement 
equipment that is largely free of the artefacts generated by relative head and eye 
movement. We found that for some subjects it was possible to tune the angular 
acceleration stimuli to produce torsional position and velocity responses (Figure 5.18 right) 
similar to that individual 's maintained surface GVS responses (Figure 5.18 left) (with 
horizontal and vertical eye movements suppressed by visual fixation): 
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Figure 5.18 The torsional position and velocity responses for one subject arranged as 
per Figure 5.17 and accelerated at 2°/s/s for 300 seconds (right) are similar to the 
same subject's response to maintained surface GVS at 5mA - ARCL (left). 
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However, we also found that for some subjects this modified version of the Schneider et al. 
(200 1) stimulus produces a torsional position and velocity response (Figure 5.19 right) 
with decay and overshoot (adaptation) characteristics very different from the same 
subjects' response to maintained surface GVS (Figure 5.19 left): 
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Figure 5.19 The torsional position and velocity responses for another subject arranged 
as per Figure 5.17 and accelerated at 2°/s/s for 300 seconds (right) are not so similar 
to the same subject's response to maintained surface GVS at 5mA - ARCL (left). 
Sevcrac Cauquil et al. (2003) found torsional (and a small skew deviation) eye-movement 
responses during the first 300 milliseconds after onset and offset of GVS but little 
horizontal at currents from 0.3 - 0.5mA, and conclude that these observations are 
consistent with the hypothesis that "GVS evoked a net pattern of vestibular afferent firing 
that mimics the input produced by naturally occurring roll of the head". More specifically 
they claim that this pattern of responses is consistent with stimulation of the utricle and the 
vertical semicircular canals and that "if the effects at low intensities arise from a single 
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vestibular structure then we would favour the latter". I am not sure how the vertical 
semicircular canals can be considered a 'single structure' in this context or why the 
assumption that a 'single vestibular structure' produces the effect is justified, nor am I 
convinced by any of the three arguments given for favouring the vertical semicircular 
canals. 
The author's first argument is based on evidence from the eye-movement response in 
anaesthetised cat to electrical stimulation of the utricular nerve - which produces ocular 
torsion, a weak skew deviation and horizontal movements (Suzuki, Tokumasu, & Goto, 
1969), and after ampullary nerves of the anterior and posterior canals - which produces 
torsion and skew deviation without horizontal movements (Suzuki & Cohen, 1966). Their 
observation of torsion and skew deviation without horizontal movements does not 
necessarily implicate the latter ampullary nerve stimulation because of the differences in 
the site and magnitude of electrical stimulation, species and state of anaesthesia. The 
authors recognise that in studies on monkeys "the stimulating electrodes were placed 
directly in the perilymphatic space and so may not be equivalent to our trans-mastoid 
stimulation", but it must also be noted that the currents delivered to the utricular nerve, 
ampullary nerves, or perilymphatic space are effectively much larger than those delivered 
at the surface and not easily compared with the near-threshold stimuli used in this study. 
The effect of anaesthesia is significant because some anaesthetics can suppress some 
components of the oculomotor response to electrical stimulation (Kim et al., 2003). 
Species differences are also critical to this comparison because animals and humans 
respond with very different eye movements to externally applied GVS. While the human 
eye-movement response to maintained surface GVS (without suppression by visual 
fixation, at currents from 1-SmA, and over periods of many seconds) is characterized by 
torsional position, torsional slow-phase velocity, and horizontal slow-phase velocity (H. 
MacDougall et al., 2002; H. MacDougall et al. , 2003) the guinea pig eye-movement 
response (up to 60f.IA via tensor tympani electrodes - equivalent to approximately 1.2mA 
via surface electrodes, and over periods of 5 second and longer) is characterized by 
horizontal vertical eye position changes (equivalent to torsion for frontal eyed humans) 
with little torsion (equivalent to vertical) or velocity responses (Kim et al., 2003). 
The authors ' second argument is that "in man, pure vertical canal stimulation, by rotating 
subjects around the visual axis while supine, also produces strong torsional/skew 
movements but negligible horizontal eye movements (Jauregui-Renaud et al. 1996, 1997, 
2001)". The problem here is that rotation about this axis stimulates all the canals to 
various degrees because none of the canals lies in a purely vertical plane. In fact the 
contribution of the horizontal canals is thought to cancel out the horizontal eye-movement 
response from the vertical canals to produce the mainly torsional response (Wardman & 
Fitzpatrick, 2002) that Severac Cauquil et al. (2003) compare to their near-threshold, short 
latency response to GVS. Rotation around the visual axis while supine is not a pure 
vertical canal stimulus, nor is it a pure canal stimulus since tangential (Coriolis) and 
centripetal linear accelerations are also generated on the otoliths that are at a small radius 
from the centre of rotation. This second argument suffers from many of the assumptions 
and oversimplifications that have been discussed in relation to the earlier Schneider et al. 
(2001) paper. 
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TOP VIEW 
Figure 5.20 Rotation of a subject around the visual axis while supine produces a 
response from all the semicircular canals. 
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The authors' third argument is that "anatomical considerations would favour a lower 
electrical threshold for the afferents from the posterior semicircular canal". The attribution 
of the mainly torsional eye-position response to stimulation of the posterior semicircular 
canal seems even less likely than the earlier attribution to vertical semicircular canals. The 
idea of preferential electrical stimulation of the posterior semicircular canal disagrees with 
evidence from the eye-movement and single-unit response in animal studies with current 
delivered via electrodes in contact with the perilymph (Goldberg et al., 1984) or via 
external tensor-tympani or even surface electrodes (Kim et al., 2003) which shows similar 
sensitivities to GVS for all the canals and otoliths. Although the vertical eye-movement 
responses which would be produced by preferential stimulation of the posterior 
semicircular canals would tend to cancel in the case of bilateral bipolar stimulation, a lack 
of any vertical eye-movement response in humans during unilateral stimulation even to 
5mA currents delivered for hundreds of seconds (H. MacDougall et al., 2002; H. 
MacDougall et al. , 2003) means that this argument is almost certainly erroneous. 
The conclusion that largely torsional responses to near threshold GVS currents and at very 
short latency (<300 ms) are "best explained on the basis of vertical canal, rather than 
otolith, stimulation" is not particularly compelling and fails to integrate a great deal 
evidence for an otolith contribution to the eye-movement response to GVS (see Section 6.1 
'How and Where GVS Acts'). 
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C HAPTER6: GENERAL DISCUSSION AND CONCLUSIONS 
6.1 HOW AND WHERE GVS ACTS 
A number of important questions about the human eye-movement response to maintained 
surface GVS have been addressed empirically in the experiments described in Chapters 2-4 
and in Appendix Al. A number of other important questions about GVS remain 
outstanding. Arguably the most important of these questions is: How and where does 
maintained surface GVS act, and does it affect otolith and SCC afferents similarly? An 
answer to this question is obviously very interesting from an academic or basic research 
perspective, but is also crucial for the useful interpretation of patient responses from a 
clinical or diagnostic perspective. 
There is a good deal of disagreement in the literature regarding this issue. Authors who 
measure different perceptual, postural, and oculomotor responses to GVS using various 
experimental paradigms, methods, and apparatus have come to different conclusions. Some 
authors find that GVS produces responses that are consistent with canal stimulation, some 
implicate an otolith contribution, and some argue for an action on a combination of these 
various end organs. Unfortunately no single experiment or empirical test is able to answer 
this question conclusively. Even single-unit recording from canal and otolith afferents 
(characterised by their response to angular acceleration or static tilt) in alert human 
subjects during maintained GVS delivered via surface electrodes would present serious 
methodological, not to mention ethical, problems. The very act of exposing the vestibular 
end organs for the insertion of recording electrodes would presumably change the 
impedance path to and response from the periphery. The evidence for various conclusions 
about what GVS stimulates is often considerably more indirect and circumstantial than 
single-unit recording would be, and yet some of it seems quite compelling if considered in 
isolation. Overall however, the many disparate sources of evidence converge on the likely 
stimulation of all vestibular end organs by maintained surface GVS. We have come to the 
conclusion that maintained surface GVS acts on all vestibular end organs based on 
evidence from the literature and from our own research including: 
Single-unit, eye-movement, and postural responses to GVS in animal models. 
Eye movement, postural and perceptual responses of normal human subjects. 
Responses of patients with known types of vestibular dysfunction, and 
Tests of the validity ofthe predictions from heuristic models ofGVS action. 
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6.1.1 EVIDENCE FROM ANIMAL STUDIES 
PRIMARY AFFERENTRESPONSES 
There is little controversy with the conclusions from animal studies that show that galvanic 
stimulation can activate and inhibit afferents from both the semicircular canals and otolith 
organs. This work shows that, in animal models, and under deep anaesthetic, the firing 
rate of all primary vestibular afferents can be modulated by the delivery of currents 
through surgically implanted electrodes close to the vestibule (or even in contact with the 
perilymph: Goldberg et al., 1984; Minor & Goldberg, 1991). Galvanic stimulation 
delivered in this way is thought to preferentially activate all primary vestibular neurons 
(whose innervation is established using their response to natural stimuli) by acting at the 
spike trigger zone near the hair-cell receptors (Goldberg et al., 1984). What is more 
controversial is how this animal work relates to the delivery of GVS through surface 
electrodes to alert human normals and patients. 
Our studies of the primary vestibular afferent responses of guinea pig show that the 
response produced by GVS delivered via electrodes implanted in the tensor-timpani 
muscles of the middle ear (external to the vestibular labyrinths) show 'no mean sensitivity 
differences in terms of gain and threshold for galvanic stimulation across afferents 
characterized by different response preferences to natural vestibular stimulation' (Kim et 
al., 2003). Some single-unit recording in guinea pig using surface electrodes has also been 
made possible by solving the problems from electrical artefact using isolated constant-
current generators, and "similar trends in afferent sensitivity were observed among 
afferents studied with surface GVS using skin electrodes analogous to those used in 
humans" (Kim et al., 2003). 
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Figure 6.1 Afferent gain for GVS plotted as a function of the coefficient of variation 
(CV) shows estimated means and 95% confidence intervals of afferent thresholds for 
GVS. Data shown are for dynamic pitch (PO), yaw (YO), and roll (RD) sensitive 
neurons, and static roll (RS)1 pitch (PS), and pitch/roll (PRS) sensitive neurons (Kim et 
al., 2003). 
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EYE-MOVEMENT RESPONSES 
We have also assessed the eye-movement responses of guinea pig to 'external' GVS and 
found that they are consistent with the stimulation by GVS of primary afferents from all 
vestibular sensory regions. GVS (5 s, 30JLA) delivered via tensor tympani electrodes at 
low amplitudes in alert guinea pig produces vertical and horizontal eye position changes 
with relatively small torsional components. This pattern of responses is similar those in 
human because vertical eye-position changes in lateral-eyed species (guinea pig) are 
equivalent to torsional eye-position responses in frontal-eyed species (human) (in that both 
are compensatory for roll tilt of the head). In guinea pig, there is little of the velocity 
response characteristic in human, but this is attributed to species differences (e.g. humans 
need nystagmus or velocity responses to stabilise foveate vision while guinea pigs only 
need eye position responses to direct their field of view) rather than stimulation sight. The 
eye-movement responses in guinea pig suggest that "galvanic stimulation may therefore be 
attributable to recruitment of otoliths" but "it is equally likely that stimulation of multiple 
canals may have occurred" (Kim et al. - in preparation) 
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Figure 6.2. Raw time series of change in torsional (T POS), vertical (V POS), and 
horizontal (H POS) eye position during 30 micro-amps constant-current galvanic 
vestibular stimulation of the bilateral tensor tympani muscles for one representative 
subject in an awake and alert state (left). Between subjects means and 95% 
confidence-bands showing GVS changes in eye position in the torsional (T POS), 
vertical (V POS) and horizontal (H POS) directions (right) (Kim et al., in preparation). 
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POSTURAL RESPONSES 
We have also assessed the postural responses of guinea pig to 'external' GVS and found 
them to be characterised by maintained roll, some yaw, and little pitch deviation of the 
head. These postural responses match the directions of the eye-movement responses in 
guinea pig and again are consistent with the stimulation by GVS of primary afferents from 
all vestibular sensory regions. 
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Figure 6.3 Three-dimensional change in angular head position was recorded in 
animals seated in the prone position. Error bars of the mean show the between-
subjects repeatability of changes in roll , pitch and yaw angular head position induced 
during 60uA DC unilateral anodal and cathodal GVS (Kim et al. 2003, in preparation). 
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6.1.2 EVIDENCE FROM NORMAL HUMAN SUBJECTS 
EYE-MOVEMENT RESPONSES 
The normal eye-movement response to maintained surface GVS shows that various 
features of the eye-movement response are characteristic of semicircular-canal or otolith 
stimulation. For exan1ple, nystagmus and decay are characteristic of semicircular canals, 
while maintained OTP is characteristic of the otoliths. This evidence has been presented at 
length in Chapters 2-5 and Appendix A 1. 
POSTURAL RESPONSES 
The postural responses of normal human subjects are also consistent with those from a 
combination of natural stimuli acting on the canals and otoliths. The postural response to 
maintained GVS is characterized by a rapid lateral body sway (or change in the position of 
the centre of gravity) during the first few seconds of stimulation followed by maintained 
lateral tilt (displacement of the centre of gravity), and reversal of the sway at stimulus 
offset. "These results could be consistent with GVS effects on the utricles, the canals or 
both" (Wardman & Fitzpatrick, 2002). 
Surface GVS pulses (10-20ms, up to 8mA and at about 3 Hz) produce a VEMP response 
(an evoked myogenic potential in the sternocleidomastoid muscle (SCM) of the neck), 
similar to that of clicks and tone-bursts (Colebatch & Halmagyi, 1992). The vestibular 
evoked myogenic potential (VEMP) is thought to result from activation of saccular 
receptors that cause inhibition of the ipsilateral SCM, via the vestibulospinal pathways, 
with a latency of about 11 ms. Evidence that clicks and tone bursts specifically activate 
saccular neurons comes from single-unit recordings in guinea pig (Murofushi, Curthoys, 
Topple, Colebatch, & Halmagyi, 1995); and from biocytin transported to the saccular 
macula from areas activated by clicks. The saccule may be particularly sensitive to clicks 
due to its close proximity to the footplate of the stapes. There is some evidence that short-
duration galvanic pulses may stimulate a different population of afferents than clicks or 
tone bursts (Bacsi et al., 2003), but the responses remain good evidence for otolithic if not 
saccular stimulation by surface GVS. 
PERCEPTUAL RESPONSES 
The perceptual responses of normal human subjects are also consistent with those from a 
combination of natural stimuli acting on the canals and otoliths. 
Although these results are difficult to quantify, most subjects reliably report sensations of 
roll (and sometimes yaw) towards the cathode (Watson, Brizuela et al., 1998) during 
maintained surface GVS stimulation. One way of assessing the sensation of roll is to ask 
subjects to set a luminous line or bar to perceived gravitational horizontal (or vertical) 
while in an otherwise dark environment without visual orientation cues. GVS also 
produces maintained changes in OTP which probably affect the perception of roll tilt 
measured using settings of a visual bar, but since perceptual errors seem to decay, while 
OTP is maintained (see Figure 6.4) the effect of GVS on perception is probably more than 
simply oculomotor. 
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Figure 6.4 Errors in the settings of a luminous line to the perceived gravitational 
horizontal (red columns) and torsional eye position (blue trace) produced by a series 
of GVS conditions (orange bars). 
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Other psychophysical tests of the perceptual response to GYS also suggest an action which 
is consistent with head roll (canal and otolith stimulation); for example the experiments of 
Fitzpatrick et al. (2002) show that subject's reports of the direction and magnitude of 
rotations about an earth-vertical axis passing through their heads while supine, were 
similar to those from GYS and that responses from the two stimuli (roll rotation and GVS) 
could cancel or add to each other. 
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6.1.3 EVIDENCE FROM VESTIBULAR PATIENTS 
The eye-movement responses of patients with known types of vestibular dysfunction are 
consistent with the idea that various components of the eye-movement response to GVS 
are produced by specific endorgans, including the otoliths and semicircular canals. The 
most significant of these observations are from patients with diagnosis of CHARGE, and 
of Vestibular Neuritis. 
A patient diagnosed with CHARGE syndrome shows GVS-related OTP changes that are 
consistent with the responses of normal subjects, both in direction and magnitude. Since 
CHARGE patients often exhibit SCC hypoplasia (confirmed in this patient by MRl scans 
and 3-D reconstructions of the vestibular labyrinths) the attribution of oculomotor 
responses to the only sensory regions remaining - the utricular structures (also established 
independently using scans and tests of otolith function) seems convincing. 
The eye-movement responses to GVS for patients diagnosed with vestibular neuritis are 
also quite compelling. Vertical nystagmus is consistent with imbalance or lack of 
cancellation of the contribution from the anterior and posterior canals (which are 
innervated by, and possibly differentially affected by damage to, the superior and inferior 
division of the vestibular nerve respectively). More evidence from the patient responses to 
maintained surface GVS for the activation of otolith and SCC afferents is covered in detail 
in Chapter 5. 
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6.1.4 EVIDENCE FROM MODELLING 
By attributing various components of the eye-movement response to GVS to specific 
endorgans we have been able to produce heuristic models that generate predictions of the 
eye-movement response for patients with the different combinations of functional and 
dysfunctional endorgans characteristic of various vestibular diagnoses. A number of 
patients with types of vestibular dysfunction that have been diagnosed using conventional 
clinical tests have been shown to produce eye-movement responses to GVS which are 
consistent with the predictions of the model and with the attribution of eye-movement 
response components to particular endorgans. 
Evidence for the validity of these models of the oculomotor response to GVS as a 
combination of contributions from the activation of otolithic and sec afferents is 
discussed at length in Chapter 5. The same conception of the action of maintained surface 
GVS is also employed in the following models of the idiosyncrasy of oculomotor response. 
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6.2 IDIOSYNCRASY OF OCULOMOTOR RESPONSES TO GVS 
Although the GYS has come to be thought of by some as a "dirty" stimulus, recent 
improvements in the delivery of larger current amplitude, and in 3-D video eye-movement 
recording systems reveal many features of the response that are systematic and regular 
across normal subjects (including idiosyncrasy, reliability, symmetry, linearity, additivity). 
Our previous paper (H. MacDougall et al., 2002) showed that normal subjects respond with 
a variable but reliable pattern of eye movements, including idiosyncratic amplitudes and 
proportions of: torsional position, horizontal slow-phase velocity, torsional slow-phase 
velocity and adaptation characteristics. 
We also commented in MacDougall et al. (2002) that the oculomotor responses to GVS 
seem to be influenced by two types of variability. The first type is characterised by 
changes in the overall amplitude of the eye-movement response- that is, the magnitudes of 
OTP, torsional SPY and horizontal SPY all increased or decreased together from trial to 
trial. This variability between the responses of different subjects is also evident between 
trials on the same subject but in different test sessions and is most likely a result of subject 
arousal or fatigue, or of inconsistencies in stimulation caused by variation in electrode 
placement, current level, etc. 
The second type of variability is in the pattern of the proportions of the various response 
components (OTP, torsional SPY and horizontal SPY) between subjects. This ratio of eye-
movement response components that seems characteristic or idiosyncratic to an individual 
subject, contributes a large part of the general variability of oculomotor responses to GVS 
and will be addressed further here. 
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Figure 6.5 Average T POS, H, V and T SPV, response to maintained surface GVS at 
5mA for 10 normal subjects (left). Normalised SPV shows a large variability 1n the 
relative proportions of the different velocity components (centre). T POS response of 
each of the 1 0 subjects multiplied by the same individual GVS sensitivity or stimulus 
effectiveness factors shows that the torsional position response is even more vanable 
~ ~ 
The components of the average SPY response of the 10 normal subjects described in 
MacDougall et aL (2002: Figure 6.5 left) can be normalised (by dividing each component 
by the square root of the sum of the squares of all three components) to remove the first 
type of variability mentioned above (Figure 6.5 centre). This graph shows that even with 
the variability from overall sensitivity of stimulus effectiveness removed a large variability 
in ratio of SPY components (or axis of eye rotation) remains. If we then multiply the 
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magnitude of the T POS response of each of the 10 subjects by the same individual GVS 
sensitivity or stimulus effectiveness factors (calculated by dividing the mean total absolute 
SPV response by an individuals total absolute SPV response) we find that the torsional 
position response is even more variable (Figure 6.5 right). This shows that overall GVS 
sensitivity or effectiveness is not a good explanation for the idiosyncratic SPV and T POS 
response patterns of different subjects. 
Other authors have suggested that the variability in response to GVS follows from the fact 
that the currents for GVS are so large that they are activating everything in a 'dirty' or 
unphysiological fashion. However, our results show that GVS at currents of around 5mA 
produces similar eye-movement responses to quite modest 'natural' stimuli such as angular 
accelerations of only a few degrees per second squared, and static roll tilts of perhaps 45 
degrees. This shows that the magnitude of GVS stimuli is probably not so large as to 
produce variable responses by creating unnaturally large variations in the firing rate of 
vestibular afferents. 
GVS could also be considered unphysiological because it produces a combination or 
pattern of stimulation that cannot be produced by normal or ' natural' inertial stimuli. For 
instance if GVS simultaneously activates the afferents from otolithic hair cells on opposite 
sides of the striola, then this would produce a pattern of stimulation similar to a linear 
acceleration of different parts of the macula in different directions! Bilateral unipolar 
stimulation would stimulate canals in the two labyrinths in a manner similar to an angular 
acceleration of each side of the head around different axes! The resolution of the ambiguity 
produced by such an 'unnatural' combination of signals from the periphery might produce 
variability of response due to various central interpretations or to various weightings of 
signals from different endorgans. 
Traditional tests attempt to deliver a 'pure' stimulus such as horizontal angular acceleration, 
static roll-tilt, or caloric irrigation and to look for eye-movement responses that can be 
attributed to a particular end organ. However these stimuli are all 'dirty' to some extent 
since they make assumptions regarding such unknown factors as: the orientations, 
orthogonality, and simple planar sensitivities, of the semicircular canals and otolith 
maculae; as well as assumptions about heat transfer and fluid dynamics etc. In reality, 
natural stimuli are not 'pure', can also be ambiguous, and are interpreted by central 
weighting processes but do not produce responses that are as variable as those from GVS. 
IMPEDANCE PATH IDIOSYNCRASY 
We have previously suggested that the idiosyncrasy of responses might reflect the effect of 
variable inner ear morphology on the resistance or impedance between surface electrodes 
and the effective stimulation sites at the spike trigger zones of all vestibular end organs (H. 
MacDougall et al., 2002). This source of variability is one that would not affect responses 
to 'natural' inertial stimuli. Another example of this kind of 'unnatural' variability is the 
effect of differences in thermal conductivity and blood flow (thermal dissipation) that is 
thought to affect the vestibular response to caloric stimulation. Again this source of 
variability would not affect responses to 'natural' inertial stimuli. 
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Figure 6.6 Shows that even in a simplified artist's impression, a complex current path 
between the location of surface electrodes and the various vestibular sensory regions 
can be appreciated. (Adapted from the Northwestern University page at 
www.Medimagery.net) 
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The problem with this explanation for the idiosyncrasy of oculomotor responses to GVS is 
that evidence from single-unit recording studies in animal models has demonstrated that 
primary afferents from all vestibular sensory regions respond similarly (without 
idiosyncrasy) to galvanic current (Goldberg et al., 1984 ). One might argue that these 
studies bypass much of the complex impedance path between human surface electrodes 
and the vestibular sensory regions by delivering current via surgically implanted electrodes 
in close contact with the perilymph. However, our work on the single-unit, postural, and 
eye-movement responses of guinea pig (Kim et al., 2003) has shown that similar single-
unit responses are also produced by electrodes implanted in the tensor tympani muscle 
(external to the labyrinth), and even by surface electrodes placed on shaved skin behind the 
animals' ears. Although these animals show similar primary afferent responses, their eye-
movement responses show particular proportions of vertical and horizontal eye position 
change. Again one might argue that guinea pigs are a poor model for human idiosyncrasy 
because they have shorter and possibly less complex impedance paths between surface 
electrodes and vestibular sensory regions, because laboratory breeds are genetically more 
homogeneous than human populations, or that their lack of SPV response makes an 
assessment of idiosyncrasy impossible. Rather than fall back on these rather weak 
arguments based on 'species differences' we considered other possible explanations for the 
idiosyncrasy of oculomotor responses to GVS. 
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6.2.1 SCC IDIOSYNCRASY 
We have also suggested that the variability of response to GVS might follow from the 
effect on the geometry and orientation of inner ear structures. For example, humans have 
been shown to 'wear' their semi-circular canals in various orientations relative to each 
other and relative to the anatomical structures or physical landmarks on the head (Curthoys 
et al. , 1977). 
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Figure 6.7: Plots of the bony SCCs of six of the 10 normal human skulls measured 
stereotaxically (Curthoys et al . 1977) show considerable variability in orientation, 
orthogonality, and planarity of the lateral (blue), anterior (red) and posterior (yellow) 
canals, but remarkable symmetry between sides. 
Stimulation of a particular canal is thought to produce eye-movement responses around an 
axis that is roughly orthogonal to the plane of that canal (Suzuki & Cohen, 1966). 
) t ~ ~ + ~ 
~~ ~w ~~ 
A () A (j A (~ ~) ~) ~) 
p p p p p p 
RIGHT LEFT RIGHT LEFT RIGHT LEFT 
Figure 6.8 The response of the extraocular muscles to the stimulation of a particular 
semicircular canal tends to produce eye movements around an axis that is roughly 
orthogonal to the plane of that canal- adapted from Suzuki and Cohen (1966). 
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The variability in the orientation of semicircular canals would be expected to produce 
variability in oculomotor responses due to the failure of the cancellation of non-
compensatory components and the generation of inappropriate response magnitudes. We 
have modelled the predicted eye-movement response from various idealised canal 
orientations (see Figure 6.9) and from the orientations of the bony canals in the 10 
cadaveric subjects mentioned above. The first 'Planar' idealisation is very unrealistic, but 
is useful for intuitive conception because it is modelled with canals that are parallel to the 
cardinal planes of the head. The second 'Ideal' orientation uses canals that are arranged 
such that the lateral canals are parallel to the yaw plane, and the anterior canals are 
vertically arranged at 45° from the roll and pitch planes. The third 'Tilted' idealisation has 
canals similar to the 'Ideal' orientations but with the entire 'labyrinth' tilted up (open 
anterior) by 30°. The 'Average' idealisation is based on the actual measured bony canal 
orientations that are also modelled and labelled 1-10 in Figures 6.10 and 6.11. 
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Figure 6.9 Side and top views of the tdealised canal orientations used for modelling 
the predicted eye-movement response to various angular acceleration and galvanic 
stimuli. 
CHAPTER 6· General Discussion and Conclusions 126 
The predictions from a model of oculomotor responses to angular acceleration around the 
X, Y, and Z axis, and to Galvanic stimulation from canals in the various orientations and 
from the right (R) and left (L) sides, are shown in Figure 6.10. This model assumes that 
each canal produces compensatory eye-movement responses around an axis that is 
orthogonal to the plane ofthe canal. 
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Figure 6.10 Predicted responses to angular acceleration around the X, Y, and Z axis, 
and to Galvanic stimulation from the right (R) and left (L) sides based on a model that 
assumes that each sec produces compensatory oculomotor responses around an 
axis orthogonal to the plane of that canal. 
The predictions show that while the ' Planar', 'Ideal', and 'Tilted' canals produce perfectly 
compensatory eye-movement responses to angular acceleration around any axis, the 
average and individual canal orientations do not. For these ' real' canal orientations a 
departure of the lateral, anterior, and posterior canals from pure orthogonality produces 
variable errors or non-compensatory eye-movement ' responses'. If we assume that all 
canals are similarly sensitive to GVS then the same model produces predicted eye-
movement responses that show even larger canal-orientation-dependent variability to 
galvanic stimulation. 
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The variability in the model's predicted response to angular acceleration results from what 
is probably the over simplified addition of the predicted response from each of the canals. 
Presumably the variability in the orientation of peripheral structures is actually 
compensated for by central mechanisms in order to produce compensatory eye movements 
or VORs that have similar axis or orientations (but opposite directions) to the inertial 
stimulation. This compensation or transformation of various patterns of stimulation across 
vestibular end organs arranged in various orientations would require a kind of 'look up 
table' to convert vestibular responses into compensatory eye movements. We can also 
model the response from a system that employs this kind of 'look-up table' using the 
following numerical method: 
If we first consider one side of the head and let h, 
a, and p be unit vectors representing directions of 
maximal stimulation for the horizontal, anterior, 
and post(e~1~r)canals _res(p~~tiv)ely. (. I' ) 
h- hl : a- '' l : J>- [11 
h.1 II; I fl 1 
Let the direction of a rotation stimulus be given 
by the axis of rotation: 
·~ u )· 
Then the response of the horizontal canal is 
proportional to h.s; the response of the anterior 
canal is proportional to a.s; the response of the 
posterior canal is proportional to p.s. 
Horizontal response: rh h.s = hI x =h2y + h3z 
Anterior response: ra = a.s - a 1 x + a2y + a3z 
Posterior response: rp p.s = p l x + p2y + p3z 
We can(e~~r)~ss thi(\~s ~~~::X)m(u~:ip)lication: 
r - 1. - <I o 1 a.1 'I 
,,, /11 l'l {~1 
- II ( !I )- "·'· 
Assume the brain calculates the direction of the 
stimulus by fmding the inverse matrix M'1: 
r- .\Is 
'(~) -_ ':~~ :'·-' 
If the subject receives instead a galvanic stimulus, 
we assume that each canal on the stimulated side 
of the head has an equal response, i.e. that (::)X(;) 
The direction of perceived rotation is then given 
by ( n- ~~- · w 
and the predicted compensatory eye movement 
direction by 
- .\f-1 ( : ) · 
The predictions of the model that employs this transformation 'look up table' to 
compensate for canal orientation produces perfectly compensatory eye-movement 
'responses'. If GVS stimulates all end organs to a similar degree regardless of the physical 
orientation of those canals, then the various individual 'look up tables' or central 
compensation mechanisms actually tend to introduce more variability in the predicted GVS 
response - see Figure 6.11. 
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Figure 6.11 Predicted responses to angular acceleration around the X, Y, and Z axis, 
and to Galvanic stimulation from the right (R) and left (L) sides based on a model that 
corrects or compensates for non-orthogonality of the anterior, posterior and lateral 
sec. 
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Predicted eye movement 'responses ' from both of the previous models show levels of 
variability in the ratio of SPY components (or in the axis of eye rotation) that are 
remarkably similar to the variability of observed SPY responses to GYS for the population 
of normal human subjects studied in MacDougall et al. (H. MacDougall et al., 2002). 
Although the predicted and observed responses show similar variability they also show a 
very different axis of eye rotation. This large difference, that can best be seen in the sphere 
plots below, has serious implication for our conclusions regarding the action of maintained 
surface GYS. 
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Figure 6.12 The axis of eye rotation for the predicted SPV responses ('+' for the left 
canals, '.' for right canals and 'o' for the average of left and right) to similar stimulation 
of all the sees {left plot) is quite different to the ax1s if eye rotation for the observed 
SPV responses of 10 normal human subjects (one colour each - right plot). {The 
functional axis of the SCCs, based on the stereotaxic measurements of canal 
orientation in a population of 10 cadavenc subjects (Curthoys et al., 1977), are also 
plotted as red lines and elliptical confidence intervals) 
y 
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The axes of the SPY predictions from the model of SCC responses to GYS (Figure 6.12 
left) are clustered around the X-axis showing that they are predominantly torsional. A 
recent review (Wardman & Fitzpatrick, 2002) also concluded that GYS "should produce a 
canal signal consistent with a strong ear-down roll towards the cathodal side, a smaller 
nose-to-cathode yaw, but no pitch signal". In contrast, the axis of SPY responses observed 
in normal human subjects (Figure 6.12 right) are clustered closer to the Z-axis showing a 
predominantly horizontal response. 
There are a number of possible explanations for the discrepancy between predicted and 
observed SPY responses. The largely horizontal response might result if maintained 
surface GYS does not stimulate all SCC similarly but preferentially stimulates horizontal 
canal afferents. There are many reasons for rejecting this explanation that are addressed in 
Section 6.1 'Where and how does GYS act?' Another possible explanation is that extra 
horizontal SPY responses are being generated by galvanic stimulation of the otoliths. This 
explanation can also be rejected using evidence that is presented in Section 6.2.2 'Otolith 
Idiosyncrasy'. A third possible explanation involves the validity of the assumption that 
sees tend to produce eye-movement responses around axes that are orthogonal to the 
plane of a given canal. This assumption would not be justified if the gains of the 
horizontal, vertical, and torsional YORs to maintained stimulation in roll, pitch, and yaw 
respectively were not similar. 
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RELATIVE GAINS OF THE ROLL, PITCH, AND YAW VORS 
Although the roll, pitch, and yaw VORs are normally considered compensatory with gains 
that approach 1, the system often produces inadequate eye-movement responses. 
Conditions for the torsional VOR are probably best during brief, rapid, voluntary head-on-
body roll while in the upright position. Such a stimulus suits the 'natural' frequency 
response of the sec, and reinforces the torsional response with changing otolith signals, 
visual feedback, and somatosensory input (COR). Even in these ideal conditions the gain 
of the torsional VOR is considerably lower (perhaps 0. 7) than that for horizontal 
(approaching 1.0) and vertical (somewhere between 0.7 and 1.0). There is a great deal of 
evidence in the literature that the torsional VOR is smaller than the horizontal VOR 
especially in less than ideal conditions such as those during maintained GVS. Some of this 
evidence is presented below. 
ACTIVE SINUSOIDAL ROTATIONS AROUND X, Y, AND Z, AXIS 
During voluntary sinusoidal head roll, cyclorotation compensates from 40 percent to more 
than 70 percent of the head motion. In the range 0.16 to 1.33 Hz, gain increased with 
frequency and with the amount of visual information (Collewijn, Van der Steen, Ferman, 
& Jansen, 1985). 
The gain of the torsional compensatory eye movements during voluntary oscillations of 
about 10 degree amplitude, and with a fixation point present, was frequency dependent and 
rose from about 0.26 in static conditions (0 Hz) to about 0.42 at 0.16 Hz and 0.64 at 0.67 
Hz (Ferman, Collewijn, Jansen, & Van den Berg, 1987). 
PASSIVE SINUSOIDAL ROTATIONS AROUND EARTH VERTICAL AXIS 
The gain of TVOR was tested in the dark with the head pitched backwards and 
sinusoidally rotating around an earth vertical axis (1 /6 Hz). The gain for 70 degrees peak 
oscillations was 0.27 and for 45 degrees peak oscillations was 0.3 (Berthoz, Jones, & 
Begue, 1981). 
A study of the rotational kinematics of the human vestibular ocular reflex using human 
responses to sinusoidal rotations around earth vertical axes and in darkness at 0.3 Hz and 
maximum speed 37.5 degrees per second, found that "the torsional gain was the weakest: -
0.37 for rotation about an earth vertical axis, vs -0.73 and -0.64 for vertical and horizontal 
gains" (Tweed et al., 1994). 
PASSIVE SINUSOIDAL ROTATION WITH VISUAL FEEDBACK (MONKEY) 
The VOR for alert monkey to rotations of the head around torsional, vertical, horizontal, 
and intermediate axes was tested with novel stationary visual stimuli used to optimise gaze 
stabilisation. The animals were orientated to an earth vertical axis and manually rotated 
sinusoidally at approximately 0.5 Hz and 60 degrees amplitude. The gain of torsional eye 
movements to roll rotations was -0.664. The gain of vertical eye movements to pitch head 
rotations was -0.869. The gain of horizontal eye movements to yaw rotation was -0.917 
(Crawford & Vilis, 1991). 
CHAPTER 6: S,Zeneral Discussion and Conclusions 131 
The stimuli used in these studies are difficult to compare with maintained GVS because of 
the influences from visual and somatosensory inputs and because sinusoidal rotations are 
constantly changing rather than maintained stimuli, with very different decay and 
adaptation characteristics. Another source of evidence for a comparison of the horizontal, 
vertical and torsional response to a maintained stimulus comes from studies of the 
oculomotor response after the cessation of a maintained rotation: 
TIME CONSTANTS OF POST -ROTATIONAL NYSTAGMUS 
The time constants of decay of aftemystagmus after stopping a prolonged constant velocity 
rotation (at 60, 40, 20, I 0, and 5°/s) around an earth vertical axis and with subjects 
arranged for roll, pitch, and yaw stimulation were measured by Melvill Jones, Barry and 
Kowalsky (1964). Hand V were measured in the dark and Twas measured with one eye 
occluded and the other illuminated (visible) to facilitate the movie photographic technique 
used. The mean time constants obtained from the measurement of slow phase eye velocity 
in yaw, pitch and roll were 15.6, 6.6 and 4.0 seconds. "It is concluded that the effective 
time constant of post rotational decay in the planes of pitch and roll are considerably 
shorter than in yaw" (Melvill Jones et al., 1964). 
The post rotational response to a velocity off-step after a one-minute period of rotation at 
50 degrees or 1 00 degrees per second was measured by Seidman and Leigh (1989). 
Human subjects were rotated around an earth vertical axis with head extended, flexed or 
erect and with one eye occluded and the other eye fixating a blinking LED (2 ms flashes at 
1 Hz). The gain of the horizontal response with head erect after rotation in the dark was 
0.65 {TC 17.72 seconds). The gain of the torsional response with the neck extended after 
rotation was 0.47 {TC 3.96 seconds). The gain of the torsional response with the neck 
flexed after rotation was 0.37 {TC 5.89 seconds). The authors "confirmed that the gain of 
the torsional VOR is lower and more variable than that of the horizontal VOR" (Seidman 
& Leigh, 1989). 
Again the stimuli used in these studies are difficult to compare with maintained GVS 
because they rely on physical behaviours of the vestibular end organs, such as the time 
constant of cupula deflection, and the fluid dynamics of endolymph flow, which do not 
apply to GVS. Maintained caloric stimulation would also be difficult to compare with 
GVS because it is difficult to deliver or attribute stimulation to particular canals and 
because the effective stimulation from caloric irrigation tends to decay as the thermal 
gradient across canals changes with heating or cooling of the mastoid bone. 
H, V, AND T SPV RESPONSES TO MAINTAINED YAW, PITCH, AND ROLL 
We decided that the best 'natural' inertial stimulus for comparison with the oculomotor 
response to maintained GVS would be maintained yaw, pitch, and roll angular 
acceleration. We arranged subjects, on a human centrifuge, in each of the three 
orientations (see Figure 6.13): seated upright (for GVS and yaw conditions), lying supine 
and lying on one side, so that they could be rotated around an earth vertical axis centred on 
their sees. 
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Figure 6.13 A subject on a human centrifuge, seated upright for GVS (top left), lying 
supine for roll angular acceleration (top right), lying on one side for pitch angular 
acceleration (bottom left), and again seated upright for yaw angular acceleration 
(bottom right). 
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Subjects were accelerated by 4°/s/s to an angular velocity of 180°/s CW and kept at 
constant velocity for 2 minutes while their response to this initial acceleration dissipated. 
They were then accelerated for 3 minutes at a constant angular rate of 2°/s/s from 180°/s 
CW to 180°/s/s CCW before again being kept at constant velocity for 2 minutes and then 
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decelerated back to rest. The raw data traces of oculomotor responses during the long-
duration constant acceleration (2°/s/s) phase of the trials for one subject are shown in 
Figure 6.14 below. 
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Figure 6.14 Raw data traces of the T POS, H. V and T SPV responses for a single 
subject to GVS, and roll, pitch and yaw angular acceleration. 
These data traces show that the vertical SPY response to maintained pitch angular 
acceleration is only about 30% that of the horizontal SPV response to maintained yaw 
angular acceleration. The torsional SPV response to maintained roll angular acceleration is 
only about 20% that of the horizontal SPV response to maintained yaw angular 
acceleration. 
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If we then apply these nominal response magnitude factors: H=l.O, Y=0.3, and T=0.2, to 
the previous model of predicted SPY eye-movement responses to GVS we find that there is 
now good agreement between the our predicted (Figure 6.15 left) and observed (Figure 
6.15 right) SPY responses to GYS. 
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Figure 6.15 The ax1s of eye rotation for the predicted SPV responses ('+' for the left 
canals, '.' for right canals and 'o' for the average of left and right} to similar stimulation 
of all the sees (left) but with different relative horizontal (1.0), vertical (0.3), and 
torsional {0.2) gains is similar to the axis of eye rotation for the observed SPV 
responses of 10 normal human subjects (right}. (The functional axis of the sees, 
based on the stereotaxic measurements of canal orientation in a population of 1 0 
cadaveric subjects (eurthoys et al., 1977), are also plotted as red lines and elliptical 
confidence intervals) 
y 
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6.2.2 OTOLITH IDIOSYNCRASY 
A number of authors have suggested that some of the idiosyncrasy of oculomotor 
responses to GVS might follow from the variability in functional asymmetry of the 
otolithic macula (Clarke & Engelhom, 1998; Kleine et al., 1999). 
Stimulation of sensory hair cells in particular regions of the otolithic macula by shear 
forces generated during linear acceleration of the head (and inertial lag of the otoconia) is 
thought to produce compensatory eye-movement responses in the opposite direction (see 
Figure 6.16). 
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Figure 6.16 The response of the extraocular muscles to the stimulation of particular 
regions of the utricular macula tends to produce compensatory eye movements in the 
opposite direction to that of the linear acceleration of the head - adapted from Wearne 
(1993). 
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Since cathodal GVS is thought to increase (and anodal GVS to decrease) the firing rate of 
primary afferents from all areas of the otolithic macula, the net response to GVS is thought 
to result from the imbalance or asymmetry in the number of oppositely polarised hair cell 
afferents arising from regions on each side of the striola (Clarke & Engelhom, 1998; 
Kleine et al., 1999; Wardman & Fitzpatrick, 2002). By assuming that hair cells are 
distributed homogeneously across the otolithic macula, this asymmetry in afferent numbers 
can be visualised as an asymmetry in the relative surface areas of the various regions of the 
macula. 
Figure 6.17 Variability in the asymmetry in areas (and afferent numbers) between 
regions of the otolithic macula on opposite sides of the striola produces variability in 
the net functional response to GVS. The left-hand set of two utricles and two saccules 
has no net asymmetry for either otolith type. The middle set of otoliths shows some 
net asymmetry for the utricles but no asymmetry for the saccules. The nght-hand set 
of otoliths shows a large net asymmetry for the utricles but still no asymmetry for the 
saccules. 
Figure 6.17 shows how variability in the surface areas of various macula regions can be 
thought to produce a net functional response to anodal GVS that is a sum of all the hair cell 
directions of sensitivity. This view is supported by electrophysiological studies in animal 
models that show that a majority of primary vestibular afferents are excited by ipsilateral 
rather than contralateral head tilt (Fernandez & Goldberg, 1976). The saccular maculae are 
depicted with minimal variability or asymmetry in response because there is little evidence 
for the same variability in asymmetry characteristic of the utricular macula (Tribukait & 
Rosenhall, 2001) and little agreement as to what eye-movement response can be expected 
from saccular stimulation (H. G. MacDougall et al. , 1999). 
Figure 6.18 The net functional response of the otoliths to cathodal GVS should be 
similar to that from linear acceleration in the direction of the black arrow - medial and 
slightly anterior, while the response to anodal GVS should be similar to acceleration in 
the direction of the red arrow (lateral and slightly posterior). 
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On average there is thought to be a larger number of hair cells on the medial side of human 
utricular macula. This means that the overall response (Figure 6.18) to cathodal GVS 
should be similar to that from linear acceleration in the direction of the black arrow -
medial and slightly anterior, while the response to anodal GVS should be similar to 
acceleration in the direction of the red arrow (lateral and slightly posterior). 
Galvanic vestibular stimulation delivered anode right and cathode left produces a net 
response from each side that is similar to interaural acceleration towards the subject's left 
and produces positive (CW) torsion (towards the anode - away from the cathode). This 
response is consistent with static roll tilt of the head left ear down (LED) that also produces 
an interaural acceleration towards the subject's left and produces positive (CW) torsion 
(OCR). 
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Figure 6.19 ARCL GVS produces positive (CW) torsion towards the anode and away 
from the cathode. Static roll tilt of the head LED also produces positive (CW) torsion 
(OCR). 
An assessment of the variability of the net functional response or directional sensitivity of 
the utricular macula has been performed by Tribukait et al. (2001). In this study an 
estimate of the net responses of 43 human maculae was based on the morphological 
analysis of shape, total area, and relative area of various macula regions. 
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Figure 6.20 The variation in shape and relative areas of the various regions (colours} 
measured from human utricular macula and in the magnitude of estimated sensitivity 
vectors (black arrows) - adapted from Tribukait et al. (2001 ). 
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Figure 6.20 shows the considerable variation in shape and relative areas of the various 
regions of the utricular macula and in the magnitude of sensitivity vectors (black arrows) 
based on these areas. If it is the case that the net torsional eye-position response of the 
otoliths to GVS is based on the asymmetry of these regions and response vectors then these 
observations might explain the idiosyncrasy ofthis oculomotor response component. 
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6.3 GENERAL CONCLUSIONS 
6.5.1 THE NORMAL HUMAN EYE-MOVEMENT RESPONSE TO MAINTAINED 
SURFACE GALVANIC VESTIBULAR STIMULATION 
In Chapters 2-5 we have shown that maintained galvanic stimulation, for periods of 
hundreds of seconds, and at amplitudes as high as 5mA, is now possible using large 
surface electrodes (1 Ocm2). This stimulus evokes eye-movement responses including 
maintained torsion position changes similar to those during roll tilt and horizontal velocity 
responses similar to those from constant yaw angular acceleration. We have also shown 
that the normal human eye-movement response pattern to maintained surface GVS is 
idiosyncratic, but repeatable and reliable; that normal subjects show symmetrical responses 
to GVS delivered to the left or right mastoid and to anodal or cathodal current polarities; 
that the magnitude of an individual's eye-movement response to GVS is a linear function 
of the magnitude of the current passed, that the response to bilateral stimulation seems to 
be a simple sum of the responses to unilateral stimulation of each side; that there exists 
adaptation to maintained GVS and an overshoot at stimulus offset, and that the slow decay 
of responses and recovery of adaptation occur with time constants of some hundreds of 
seconds. 
6.5.2 THE EYE-MOVEMENT RESPONSE OF PATIENTS WITH VESTffiULAR 
DYSFUNCTION TO MAINTAINED SURF ACE GVS 
In Chapter 6 we have shown that the responses of patients are quite different to those of 
healthy normal subjects in a number of ways, including: response magnitudes, directions, 
and symmetry between sides. The patient responses are similar to our model's predictions 
for their specific type of vestibular dysfunction in a number of ways. As predicted, 
patients with bilateral dysfunction show minimal systematic response to GVS delivered to 
either side. Patients with unilateral dysfunction show relatively normal responses to GVS 
on their healthy side but a much smaller response to GVS delivered to their affected side, 
consistent with dysfunction of all endorgans on their affected side. A patient with 
CHARGE syndrome showed absent eye-velocity responses but preserved torsion position 
changes in response to GVS, consistent with canal hypoplasia associated with this 
syndrome (and visualized on this patient's anatomical scans). A patient with a lateral SCC 
occlusion showed a normal or even augmented horizontal slow phase velocity response 
that is consistent with the idea that electrical stimulation can still produce responses from 
canals that are prevented responding to inertial or caloric stimulation, and an augmentation 
of response might result from central compensation mechanisms. Some patients with 
neuritis showed vertical nystagmus in response to GVS delivered to the affected side, but a 
relatively normal response to stimulation of the healthy side, consistent with an imbalance 
of vertical canal function produced by differential pathology of the superior or inferior 
divisions of the vestibular nerve. Of the patients in our original sample, about half showed 
responses that included one or more diagnostically useful features, such as: remaining 
vestibular function; asymmetry in response from each labyrinth; and vertical responses 
from an imbalance of anterior and posterior canals. The remaining half of our patient 
sample showed little response to GVS, and this may be for a number of possible reasons. 
Patients may have bilateral dysfunction due to various causes, including the degeneration 
associated with aging (patients in this category tended to be older than those in the normal 
group); they may have unilateral dysfunction which produces an imbalance between the 
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two labyrinths which is compensated for by central suppression of signal from both sides; 
or they may simply be individuals who, like the extremes of the normal continuum, are 
insensitive to GVS. 
6.5.3 DEVELOPMENT OF GVS DELIVERY AND EYE-MOVEMENT RESPONSE 
ANALYSIS EQUIPMENT AND METHODS 
GVS testing has been considered impractical in clinical environments because current 
intensities large enough to generate measurable eye movements were painful or even 
dangerous. This problem has now been solved with a number of technological and 
methodological developments (see Appendix A2.1) including very large electrodes that 
spread current over a surface area of 10 cm2 to prevent pain and tissue damage. Stimuli 
delivered with a slow and gradual increase of current avoid the unpleasant 'shock' of 
sudden transients. Saline-based gels have improved the conductivity of electrodes and 
help to avoid 'hot spots'. Local anaesthetic creams can be used to numb the skin although, 
to date, we have not found this necessary in humans. The equipment required to deliver 
galvanic vestibular stimulation has been simplified and helps make the stimulus very 
practical. 
The eye-movement analysis system used for this project has developed a great deal during 
the last five years (see Appendix A3.3). An increase in the speed and accuracy and 
simplicity of the software has made the system accessible to a large number of researchers 
at various institutions. Significant decreases in equipment cost, weight, complexity, and 
fragility have also made the system more appropriate for clinical application. Recent 
patient testing has been done using our new lightweight, light-occluding video headset, and 
this has improved testing in a number of ways, requiring much less preparation, and time 
for test sessions. A 'one size fits all' mask avoids the fabrication of individually moulded 
thermo-plastic masks, and is light occluding so that tests can be conducted anywhere, 
despite ambient illumination. The use of pupil constricting eye drops, and the 20-minute 
wait for them to act, can now be avoided. Eye movements can be measured, analysed and 
interpreted by any reasonably competent operator. 
6.5.4 HOW AND WHERE MAINTAINED SURF ACE GALVANIC VESTIBULAR 
STIMULATION ACTS IN HUMAN SUBJECTS 
The issue of how and where maintained surface GVS acts on human subjects is important 
from an academic or basic research perspective, but is obviously crucial for the useful 
interpretation of patient responses from a clinical or diagnostic perspective. 
This issue remains controversial with some authors arguing that GVS produces responses 
that are consistent with canal stimulation, some that implicate an otolith contribution, and 
others that argue for an action on a combination of these various end organs. 
Unfortunately no single experiment or empirical test is able to answer this question 
conclusively. The experimental evidence for these various conclusions comes from the 
measurement of many different perceptual, postural, and oculomotor responses to GVS 
using various experimental paradigms, methods, and apparatus. Some of this evidence for 
the preferential galvanic activation of sec afferents or of otolith afferents can be quite 
compelling if considered in isolation. Overall however, the many disparate sources of 
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evidence converge on the likely stimulation of all vestibular end organs by maintained 
surface GVS. We have come to the conclusion that maintained surface GVS acts on all 
vestibular end organs based on evidence from the literature and from our own research 
including: Single-unit, eye-movement, and postural responses to GVS in animal models; 
eye movement, postural and perceptual responses of normal human subjects; responses of 
patients with known types of vestibular dysfunction, and tests of the validity of the 
predictions from heuristic models of GVS action (see Chapter 6.1 ). 
6.5.5 THE UTILITY OF MAINTAINED SURFACE GVS FOR RESEARCH IN THE 
LABORATORY AND FOR DIAGNOSIS IN THE CLINIC 
GVS is proving to be a very useful research tool in the sense that it is telling us great deal 
about function due to a number of interesting features. GVS can be delivered for extended 
periods and may provide the opportunity to model the processes of adaptation and 
compensation following vestibular deafferentation. This kind of static imbalance from 
GVS is also reversible and may provide a viable animal model of the phasic changes 
during the course of Meniere's disease. GVS can be used to assess the symmetry and 
additivity of responses by being delivered bilaterally or unilaterally. This feature is shared 
by only a few other stimuli such as calories, clicks, and perhaps unilateral centripetal 
acceleration. GVS can also be reversed in polarity to excite or inhibit populations of 
afferent unlike clicks for which there is no 'anti-click' and unilateral centripetal 
acceleration that can only be directed medially. Imaging studies find GVS attractive 
because it can activate vestibular sensors without the physical movements that interfere 
with devices such as MRI, PET, and CAT scanners. GVS also has a number of practical 
advantages from having compact, portable, and inexpensive equipment, which is safe and 
simple to operate. 
If, as suspected, GVS acts at the level of the synapse between vestibular receptor hair cells 
and their primary afferents, then patients with peripheral endorgan dysfunction and patients 
with transmission or central problems (such as those caused by tumours), should show 
different responses to various vestibular tests. The former group should show abnormal 
responses to traditional tests of endorgan function but not to GVS, whereas the latter 
should show abnormal responses to both tests of endorgan function as well as to GVS. If a 
vestibular patient shows normal responses on these tests then, by elimination, the disorder 
must be at some point in the vestibular system that is closer to the brain. For example, a 
tumour of the acoustic nerve (acoustic neuroma) can cause vertigo but is not directly 
diagnosed from tests of canal function. Obviously, accurate and early diagnosis of 
acoustic neuromas would be highly valuable. This differential diagnosis of vestibular 
dysfunction was one of the first applications proposed for GVS, especially with respect to 
tumours (Pfaltz, 1970). The ability to deliver separate unilateral stimuli to each vestibular 
labyrinth may be a particularly useful feature of GVS since most vestibular disorders 
manifest as an asymmetry or imbalance. Diagnostically useful information may follow 
from abnormal asymmetries in eye-movement response to stimulation of the two vestibular 
labyrinths, or abnormal eye-movement responses produced by the imbalance of sensors 
that should cancel within one labyrinth, for example vertical eye-movement responses 
from the imbalance of the vertical canals. 
We think that GVS also has advantages from being a broad-spectrum or global vestibular 
stimulus, and that by measuring the complex 3-D eye-movement response we can learn a 
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lot about: asymmetries between the two sides; a lack of cancellation or imbalance between 
end organs with opposing eye-movement responses (such as the vertical movements from 
vertical canals, or from areas of maculae with opposite sensitivity directions); and from 
indications of preserved function after surgery or trauma. 
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APPENDIX A1: Pilot Investigations A1 
APPENDICES 
At: PILOT INVESTIGATIONS 
AI. I GENERAL AIM 
Since this study investigates the effect of maintained surface GVS using the indirect 
assessment of vestibular oculomotor responses or reflexes, it was critical to understand the 
influence on eye movement output from various other vestibular, visual, somatosensory, 
and voluntary inputs to the balance system. 
A number of pilot or preliminary investigations of the complex 3-D eye position and 
velocity responses to GVS during manipulations of these other inputs were conducted in 
order to identify which stimulus and environmental variables were most significant. The 
influence of these variables could then be controlled for and considered in any conclusions 
regarding the vestibular response to maintained surface GVS. The selection of appropriate 
stimulus variables, such as current duration, amplitude, and inter stimulus interval, for use 
in the major studies proper are also based on the results of these pilot investigations. 
The first of these pilot studies assess other characteristics of the eye-movement response 
that bear on the conclusions drawn from the major studies proper: 
BILATERAL UNIPOLAR GVS 
SKEW DEVIATION 
DECAY AND ADAPTATION 
LONG TERM ADAPTATION AT OFFSET 
The second type of pilot studies aim to investigate the affects of various manipulations on 
the method of galvanic stimulation: 
CONSTANT VOLTAGE STIMULATION 
ELECTRODE PLACEMENT 
The third type of pilots investigate the effect of various other oculomotor and 
somatosensory influences on the eye-movement response to GVS: 
EFFECT OF BLINKING 
EFFECT OF FIXATION 
UNCORRECTED GAZE 
EFFECT OF HEAD ON BODY TURN 
The fourth type address the response from a combination of galvanic, inertial, and 
somatosensory inputs: 
COMBINED ROLL TILT AND GVS 
GVS ADAPTATION AND ROLL TILT 
COMBINED PITCH TILT AND GYS 
CENTRIFUGATION AND BILATERAL BIPOLAR GVS 
CENTRIFUGATION AND BILATERAL UNIPOLAR GYS 
CENTRED ROTATION AND GVS 
APPENDIX A1: Pilot Investigations A2 
Many pilot studies aimed to investigate the characteristics of responses during natural or 
inertial stimulation, for comparison with those during GVS, e.g.: 
FIXATION DURING ANGULAR ACCELERATION 
EFFECT OF FIXATION DISTANCE ON OCR 
LINEARITY AND SYMMETRY TO 'NATURAL' STIMULI 
DECAY OF RESPONSE TO 'NATURAL' STIMULI 
APPENDIX A 1: Pilot Investigations A3 
Al.2.1 BILATERAL UNIPOLAR GVS 
AIM 
To determine whether the lack of torsional position response to bilateral unipolar GVS also 
extends to a lack of velocity response. 
METHOD 
Maintained bilateral anodal (ARAL) GVS at 5 rnA was simultaneously delivered to both 
vestibular labyrinths using an indifferent electrode placed over C7. 
RESULTS 
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Figure Al.l These raw data plots show that horizontal vertical and torsional slow phase 
velocity (as well as torsional position) show little systematic response to bilateral unipolar 
GVS 
CONCLUSION 
Bilateral unipolar GVS produces little oculomotor response in position or velocity. This is 
probably because the symmetrical modulation of afferent firing rate produces no net 
difference, or asymmetry, in response from the two vestibular labyrinths. 
APPENDIX A 1: Pilot lnves!Jqations A4 
A 1.2.2 SKEW DEVIATION 
AIM 
To detennine whether any skew deviation or differences between the vertical eye positions 
of the two eyes can be observed during maintained surface GYS. 
METHOD 
The eye movements of both eyes were simultaneously recorded during the presentation of 
bilateral bipolar (ARCL) maintained GVS. 
RESULTS 
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Figure Al .2 Examples of raw data traces of vertical eye position for the two eyes (red and 
blue) and for two different subjects (left and right) show large voluntary eye movements 
(no fixation present) but little systematic vertical disconjugacy. 
CONCLUSION 
A skew deviation of vertical eye position or disconjugacy is produced by the imbalance of 
input from the two vestibular labyrinths following unilateral vestibular deafferentation. A 
small skew deviation (- 0.2°) during the first 100 ms of near threshold galvanic stimuli 
(<lmA) has been reported (Severac Cauquil et al. , 2003), but the imbalance of input 
produced by maintained GVS does not seem to produce a significant maintained skew 
deviation. 
APPENDIX A 1: Pilot Investigations AS 
Al.2.3 DECAY AND ADAPTATION 
AIM 
To investigate whether the decay of oculomotor responses during prolonged GVS 
continues until there is no longer any response or until a non-zero asymptote is reached. 
METHOD 
Bilateral bipolar (ARCL) surface GVS was continuously delivered at 5mA current 
intensity over an extended period of 15 minutes. 
RESULTS 
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Figure A 1.3 The raw data plot of eye-movement response to extended GVS shows that the 
decay of adaptation of response, with time constant in the order of some hundreds of 
seconds, eventually reaches a non-zero asymptote. 
CONCLUSION 
The partial decay or adaptation of oculomotor responses to a non-zero asymptote may 
mean that the response has a number of sources, some of which completely decay and 
some of which are maintained. 
APPENDIX A 1: Pilot Investigations A6 
A 1.2.4 LONG TERM ADAPTATION AT OFFSET 
AIM 
To investigate whether the overshoot of response at stimulus offset occurs even after an 
extremely long period of adaptation to maintained bilateral bipolar GVS. 
METHOD 
For these tests, a constant 5 rnA bilateral bipolar (ARCL) stimulus was delivered 
continuously for 45 minutes prior to an analysis of the eye-movement response at stimulus 
offset (with fixation). 
RESULTS 
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Figure A1.4 raw data traces of eye-movement response show that even after 45 minutes of 
prior adaptation by continuous GVS the overshoot of torsional position at stimulus offset is 
still evident. 
CONCLUSION 
The overshoot of eye position at stimulus offset after long periods is consistent with the 
notion of a continuously maintained or non-adapting response component. 
APPENDIX A 1: Pilot Investigations A7 
A1.2.5 CONSTANT VOLTAGE STIMULATION 
AIM 
To ensure that the decay of response during a constant current stimulus does not result 
from a decrease in voltage that sometimes occurs as the impedance or resistance of 
electrode changes. 
METHOD 
For these tests, the constant current generator usually used for the controlled delivery of 
GYS was replaced with a source of constant voltage (9 volt battery). This produced a 
similar current of approximately 5mA (variable with impedance). 
RESULTS 
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Figure A1.5 The raw data traces of eye-movement response to surface GVS delivered with 
constant voltage (left) and constant current (right) are very similar. 
CONCLUSION 
The decay of eye-movement responses to maintained GVS current is not a result of a 
change in the voltage of stimulation. This is consistent with the idea that current is the 
effective variable for GVS. The overshoot at stimulus offset suggests adaptation rather 
than a decrease in stimulus magnitude. 
APPENDIX A1: Pilot Investigations A8 
Al.2.6 ELECTRODE PLACEMENT 
AIM 
To test the sensitivity of responses to variation in the placement of electrodes 
METHOD 
Electrodes placed in extreme locations on front of, above and behind the subject's ears 
were used to deliver a series of bilateral bipolar stimuli. 
RESULTS 
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Figure Al.6 Raw data traces of the eye-movement response using electrodes in each of 
these various locations show very similar magnitudes and proportions of the velocity and 
position components 
CONCLUSION 
The placement of GVS electrodes does not significantly affect the eye-movement response 
and does not therefore help to explain the variability between subjects. 
APPENDIX A1: Pilotlnvesti_gations A9 
A 1.2.7 EFFECT OF BLINKING 
AIM 
To investigate the effect ofblinking on the magnitude of torsional eye position 
METHOD 
In these tests, the frequency of blinking was manipulated by instructing the subjects to 
blink at will, to suppress blinking, and to blink regularly (0.5Hz). 
RESULTS 
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Figure A 1. 7 The raw data traces of eye position during maintained bilateral bipolar GVS 
show that each blink (marked by a vertical red line) is associated with a decrease in 
torsional position (blue trace) back towards the 0° baseline. 
CONCLUSION 
The phenomena of torsion dumping by blinks has also been observed during 'natural' 
inertial stimulation and is a variable that must be controlled for during an assessment of 
torsional position responses. 
APPENDIX A 1: Pilot Investigations A1 0 
Al.2.8 EFFECT OF FIXATION 
AIM 
To investigate the suppression of nystagmus by visual fixation 
METHOD 
The presence of a central visual fixation point was varied by turning on and off a LED, 
placed 1 min front of the subjects, during maintained bilateral bipolar GVS. 
RESULTS 
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Figure Al.8 The raw data traces show that each time the fixation point was extinguished 
(horizontal black bar) there was an increase in horizontal nystagmus and a decrease in 
torsional eye position. 
CONCLUSION 
The phenomena of torsion 'dumping' by horizontal nystagmus is also observed during 
'natural ' inertial stimuli such those during angular acceleration on a human centrifuge 
(Smith, Curthoys, & Moore, 1995). 
APPENDIX A 1: Pilot Investigations A11 
A 1.2.9 UNCORRECTED GAZE 
AIM 
To investigate whether giving subjects feedback during a test by asking them to look in a 
particular (central) direction has any effect on their eye-movement responses. 
METHOD 
In these tests, the subjects were given no feedback to correct for the drift ofhorizontal and 
vertical eye position that often results from GVS. 
RESULTS 
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Figure Al.9 The raw data traces of eye-movement responses without feedback to correct 
for gaze are not significantly different from the same subject's response with gaze 
correction (see Figure 2.1: right). 
CONCLUSION 
Without the method of auditory feedback to correct for gaze position during unfixated 
GVS trials, subjects' eye position sometimes drifted so far off centre that eyelids or 
shadows occluded their pupil or iral signature. Facilitation of eye movement measurement 
using this auditory feedback does not seem to affect the velocity of eye-movement 
responses despite the possibility of 'beating field' effects. 
APPENDIX A1: Pilot Investigations A12 
A 1.2.1 0 EFFECT OF HEAD-ON-BODY TURN 
AIM 
To compare the eye-movement response to maintained GVS with the head in different 
positions relative to the body. 
METHOD 
In these tests, subjects were seated upright with their head rotated right relative to their 
body by about 75° (yaw). They were then given maintained bilateral bipolar GVS. 
RESULTS 
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Figure Al.lO The raw data of eye-movement response during GVS with the head turned 
on the body (left plot) appears to show a reduction in the magnitude of torsional eye 
position compared with a sample of five superimposed eye-movement response traces for 
the same subject with head forward (right plot). 
CONCLUSION 
There may be some modulation of eye-movement response to maintained GVS by the 
somatosensory input from the neck and so this variable must be controlled for. This 
modulation may be related to the reorientation of postural sway responses to GVS that 
appear to follow or be referenced to head position. 
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Al.2.11 COMBINED ROLL TILT AND GVS 
AIM 
To investigate the eye-movement responses to an interaction of simultaneous vestibular 
stimulation by roll tilt and by GVS. 
METHOD 
In these tests a series of GVS conditions (ARCL, CRAL, ARCL, CRAL) were delivered 
during different en-bloc static roll-tilt conditions produced by a whole body tilt chair. 
RESULTS 
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Figure A 1.11 Raw data traces of the eye-movement response to 2 minute bilateral bipolar 
GVS conditions (ARCL, CRAL) show that there is very little difference in response while 
tilted 90 degree of right ear down (first halt) and upright (second half), other than the DC 
shift in torsion position characteristic of ocular counterroll. 
CONCLUSION 
The interaction of vestibular otolithic stimulation by roll tilt and simultaneous GVS 
appears to be simply additive. 
APPENDIX A1: Pilot Investigations A14 
Al .2.12 GYS ADAPTATION AND ROLL TILT 
AIM 
To investigate the eye-movement responses to vestibular stimulation by roll tilt after an 
extended period of adaptation to GYS. 
METHOD 
Subjects were continually stimulated with 5 rnA bilateral bipolar GVS (ARCL) for 30 
minutes prior to a series of roll tilt conditions 90° left ear down and right ear down. 
RESULTS 
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Figure A1.12 These raw data traces show that despite 30 minutes of adaptation to bilateral 
bipolar (ARCL) GYS the torsional position of counterroll response is symmetrical and 
normal other than a maintained DC shift in torsional position from GVS. 
CONCLUSION 
Even after an extended period of adaptation, the simple additivity of vestibular stimulation 
by roll tilt and by GVS seems to hold. The fact that the bias of torsional position response 
by GVS does not introduce any asymmetry in response to roll tilt suggests that a 
combination of 90 degrees roll tilt and 5rnA current modulates afferent firing rates within 
their linear range. 
APPENDIX A 1: Pilot Investigations A15 
Al.2.13 COMBINED PITCH TILT AND GVS 
AIM 
To investigate the eye-movement responses to GVS of subjects while in the prone position. 
METHOD 
In these tests bilateral bipolar GVS (ARCL) at 5mA was delivered to subjects lying on 
their backs (prone). 
RESULTS 
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Figure Al.l3 A plot of the eye-movement response to GVS for a subject in the prone 
position (left) does not seem markedly different from five superimposed traces of eye-
movement response while upright {right). 
CONCLUSION 
The effect of a subject's static orientation with respect to gravity does not seem to be as 
significant as the effect of the orientation of their head with respect to the body (see section 
Al.2.10 above). 
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A1.2.14 CENTRIFUGATION AND BlLATERAL BIPOLAR GVS 
AIM 
To investigate the eye-movement responses to an interaction of simultaneous vestibular 
stimulation by centrifugation and by bilateral bipolar GYS. 
METHOD 
In these tests a series of GVS conditions were delivered during different conditions of 
constant angular velocity (producing centripetal interaural acceleration) with subjects on a 
human centrifuge: sitting upright, right ear out, and lm off centre. 
RESULTS 
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Figure Al.14 Raw data traces of the eye-movement response to 2 minute bilateral bipolar 
GYS conditions (ARCL, CRAL) show that there is very little difference in response during 
centrifugation at 172°/s (lg centripetal acceleration interaural) (first half of plot) and at 
0°/s s (Og interaural) (second half) other than the DC shift in torsion position characteristic 
of ocular counterroll. 
CONCLUSION 
The interaction of vestibular (otolithic) stimulation by centripetal linear acceleration and 
simultaneous GVS appears to be simply additive. 
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A 1.2.15 CENTRIFUGATION AND BILATERAL UNIPOLAR GVS 
AIM 
To investigate the eye-movement responses to an interaction of simultaneous vestibular 
stimulation by centrifugation and by bilateral unipolar GVS. 
METHOD 
In these tests a series of GVS (ARAL, CRCL) conditions were delivered during different 
conditions of angular velocity (producing interaural acceleration) with subjects on a human 
centrifuge: sitting upright, right ear out, and lm off centre. 
RESULTS 
10-
9-
e-
7-
6-
5-
4-
3-
2-
~ 
!S 1-
-a. o- Il(! { }nG:J'"'i''h& , ::; tQ • ·= -:-?::O .. ~kJ~ ·: ·• he( #~ -.tQuD 
-3 1-
1 2-
• ·3-
j ~-
.; ,_ 
·1-
.e-
·9-
10-
·11-
··12-
·13-
.u-
=-=== II ~ 
T POS 
""""' R""' 
L""' 
H SFV 
""""' VSF'V 
T SF'V 
""""' 
Volocq ,..... 
·15-, , -I i I I j • I • I I I I I I I I I I I I I I I I I 
0 50 100 150 200 250 300 350 400 450 500 550 600 650 700 l'!iO 1100 850 900 950 1000 1050 1100 1150 1200 1250 1300 1350 
r-l•l 
Figure A 1.15 Raw data traces of the eye-movement response to 2 minute bilateral bipolar 
GVS conditions (ARCL, CRAL) show that there is very little systematic response to GVS 
during constant velocity (purple trace) centrifugation at 172°/s - (first half) or at 0°/s 
(second half). 
CONCLUSION 
Bilateral unipolar GVS seems to produce little eye-movement response even when 
delivered to a vestibular system that is unbalanced or offset by a 'natural ' tonic stimulus. 
This lack of response is consistent with the simple addition of responses from 'natural' and 
galvanic stimuli. 
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Al.2.16 CENTRED ROTATION AND GVS 
AIM 
To investigate the eye-movement responses to an interaction of simultaneous vestibular 
stimulation by centred rotation and by bilateral bipolar GVS. 
METHOD 
In these tests a series of angular accelerations (canal stimuli) were delivered during 
different conditions of GVS with subjects on a rotating chair: sitting upright and on centre. 
RESULTS 
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Figure A 1.16 These raw data show a series of the angular accelerations (purple trace is 
velocity in units of 20 deg/s) delivered three times with no GVS (left third), with 5 rnA 
ARCL GVS (middle third), and with 5 mA CRAL GVS (right third). There seems to be 
little difference in the eye-movement response to these complex canal stimuli, with or 
without visual fixation (horizontal black bars show absence of fixation), other than a DC 
shift in torsional eye position. 
CONCLUSION 
The interaction of semicircular canal stimulation by centred angular acceleration and GVS 
also appears to be simply additive. 
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Al .2.17 FIXATION DURING ANGULAR ACCELERATION 
AIM 
To compare the suppression of nystagmus by visual fixation, during angular acceleration 
with that during GVS (see Pilot A1.2.8: Effect of Fixation). 
METHOD 
The presence of a central visual fixation point was varied by turning on and off a LED 
placed 1 rn in front ofthe subjects during a maintained yaw angular acceleration of 5°/s/s. 
RESULTS 
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Figure A 1.17 Raw data traces show that when the fixation point was extinguished 
(horizontal black bar) there is an increase in horizontal nystagmus and a decrease in 
torsional eye position. 
CONCLUSION 
The phenomenon of torsion 'dumping' by horizontal nystagmus during angular 
acceleration seems similar to that observed during GVS. 
APPENDIX A1 : Pilot Investigations A20 
A 1.2.18 EFFECT OF FIXATION DISTANCE ON OCR 
AIM 
To investigate the effect of fixation distance on the magnitude of torsional eye position 
during static roll tilt (OCR). 
METHOD 
Torsion position was measured at ten static roll tilt angles (0°-90° in 10° steps) and using a 
fixation point at 30cm (near condition) and at 1 OOcm (far condition) from and directly in 
front of the subjects. 
RESULTS 
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Figure A1.18 At each angle the first subject (left panel) fixated far and then near. The 
second subject (right panel) fixated far, then near, and then far, and then near so that we 
could check that the effect was not due to the order of stimuli and adaptation. The traces of 
torsional eye position show that at each roll tilt angle a near fixation point is associated 
with systematically smaller magnitudes of OCR than a far fixation point. 
CONCLUSION 
The suppression of torsional eye position responses by the convergence at near fixation 
points is an example of one variable that must be controlled for during an assessment of 
torsional position responses to GVS or other stimuli. 
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Al.2.19 LINEARITY AND SYMMETRY TO 'NATURAL' STIMULI 
AIM 
To investigate the linearity and symmetry of oculomotor responses to increasing 
magnitudes of 'natural' vestibular stimulation, for comparison with responses to GVS. 
METHOD 
Subjects were tested on a tilt-chair and rotated to a number of randomly ordered static roll 
tilt angles to generate 0-9m/s/s interaural accelerations. Half the angles were presented 
RED and halfLED. 
RESULTS 
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Figure Al.l9 Raw data traces of torsional eye position for three subjects at 10 roll tilt 
angles show that the torsional position response or OCR is linear with respect to the 
magnitude of inter-aural shear at each of ten roll tilt angles and is symmetrical between 
LED and RED tilt directions. Torsional asymmetry and disconjugacy has been reported 
(Diamond, Markham, Simpson, & Curthoys, 1979) but is very small. 
CONCLUSION 
The linearity and symmetry of oculomotor responses to vestibular stimulation during static 
roll tilt is consistent with our observations of linearity and symmetry to maintained surface 
GVS at currents of up to 5mA. Asymmetries in the responses of patients with unilateral 
vestibular loss to very high amplitude vestibular stimuli such as those during head impulse 
testing (Halmagyi et al., 1990) are a different issue. 
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Al.2.20 DECAY OF RESPONSE TO 'NATURAL' STIMULI 
AIM 
To investigate the decay of oculomotor responses to maintained 'natural' vestibular 
stimulation, for comparison with responses to GYS. 
METHOD 
Subjects were tested on a centrifuge with yaw angular accelerations (canal stimulation) 
maintained for up to 5 minutes (+300 to - 300°/s at 2°/s/s). 
RESULTS 
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Figure A 1.20 Raw data traces show that during the 5 minute period of constant yaw 
angular acceleration (centre section) the H SPY response (red trace) has decayed to nearly 
half its initial magnitude (A 'glitch' in the H SPY and T Pos responses at about 500 
seconds was caused by the Coriolis forces when the subject inadvertently pitched their 
head). 
CONCLUSION 
Although the oculomotor responses to maintained otolith stimuli such as OCR during 
constant roll tilt do not decay over very long periods, the response to maintained canal 
stimuli, such as constant angular acceleration, seems to decay with a time constant in the 
hundreds of seconds. The similarity of this decay and that of some of the components of 
the oculomotor response to GYS has been discussed in Chapter 6 - General Discussion. 
APPENDIX A 1: Pilot Investigations 
Al.3 GENERAL PILOT STUDY CONCLUSIONS 
BILATERAL UNIPOLAR GVS 
SKEW DEVIATION 
DECAY AND ADAPTATION 
LONG TERM ADAPTATION AT OFFSET 
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The first of the pilot studies reveal other characteristics of the eye-movement response that 
will have been referred to in the relevant conclusions and discussion sections of the major 
studies proper: 
CONSTANT VOLTAGE STIMULATION 
ELECTRODE PLACEMENT 
The second group of pilot studies reveal the insensitivity of the general characteristics of 
the oculomotor response to variation in methods ofGVS stimulus delivery. 
EFFECT OF BLINKING 
EFFECT OF FIXATION 
UNCORRECTED GAZE 
EFFECT OF HEAD ON BODY TURN 
The third group of pilot studies show what other oculomotor and somatosensory 
behaviours influence the eye-movement response to GVS, and how they must be 
considered or controlled for. 
COMBINED ROLL TILT AND GVS 
GVS ADAPTATION AND ROLL TILT 
COMBINED PITCH TILT AND GVS 
CENTRIFUGATION AND BILATERAL BIPOLAR GVS 
CENTRIFUGATION AND BILATERAL UNIPOLAR GVS 
CENTRED ROTATION AND GVS 
The fourth group of pilot studies show that the response from galvanic stimulation seems 
to simply add to responses from maintained position (otolith) and dynamic rotation (SCC) 
stimulation. 
FIXATION DURING ANGULAR ACCELERATION 
EFFECT OF FIXATION DISTANCE ON OCR 
LINEARITY AND SYMMETRY TO 'NATURAL' STIMULI 
DECAY OF RESPONSE TO 'NATURAL' STIMULI 
Many pilot studies into the oculomotor response to natural or inertial stimuli have 
identified factors that must be controlled for during GVS experiments and serve for 
comparison with the responses to galvanic vestibular stimulation. 
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APPENDIX A2: General ExQ.erimental Methods A25 
A2: GENERAL EXPERIMENTAL METHODS 
A2.1 DEVELOPMENT OF GVS METHODS AND EQUIPMENT 
GVS testing has been considered impractical in clinical environment because current 
intensities large enough to generate measurable eye movements were painful or even 
dangerous. This problem has now been solved by our collaborators, Shaun Watson and 
James Colebatch at the Institute of Neurological Sciences, Prince of Wales Hospital -
Sydney, Australia. 
Figure A2..1 Electrophysiological research at Professor Colebatch's laboratory -
Institute of Neurological Sciences, Prince of Wales Hospital- Sydney, Australia. 
Considerable experience and expertise in electrophysiology have led the Colebatch 
Laboratory to a number of technological and methodological developments. Very large 
electrodes that spread current over a surface area of I 0 cm2 prevent pain and tissue 
damage. Stimuli delivered with a slow and gradual increase of current avoid the 
unpleasant 'shock' of sudden transients. Very short-duration stimuli, lasting tens of 
milliseconds, can be delivered at high current. Saline-based gels have improved the 
conductivity of electrodes and help to avoid 'hot spots'. Local anaesthetic creams can be 
used to numb the skin although we have found this unnecessary to date. The equipment 
required to deliver galvanic vestibular stimulation has been simplified and helps make the 
stimulus very practical. 
APPENDIX A2: General Experimental Methods 
Figure A2..2 Isolated (battery-powered) constant current galvanic stimulator based on 
the circuit by Professor Colebatch, built by Professor Curthoys, and approved for use 
on patients and in a clinical environment. 
Figure A2. .3 Leads and a large surface electrode for the delivery of GVS. 
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A2.2 GVS TESTING 
The delivery of maintained surface galvanic vestibular stimulation was achieved using an 
isolated (battery-powered) constant-current generator built by Professor Curthoys and 
modelled on a circuit by Professor Colebatch. This device consisted of a small and 
portable box in which were housed a number of 9V batteries for power and on which were 
located the indicators, connectors, switches and knobs for the control of current amplitude. 
Current was delivered from the box via leads and large electrodes to the surface of the 
subject' s skin. 
Figure A2.4 The equipment used for the safe and controlled delivery of GVS in the 
laboratory, including an isolated (battery-powered) constant current generator, large 
surface electrodes, and leads 
The large surface electrodes used in this project were modelled after those used in the 
Colebatch laboratory and made from large electrosurgical split grounding plate electrodes 
(such as type 7180 from 3M Health Care, St. Paul, MN, USA, or type 4883 from Niko, 
Glos., UK) such that each GVS electrode had an electrically conductive area of at least 10 
em squared. These large electrodes were cut using scissors into shapes suitable for 
application over the mastoid processes behind each ear, and for use as indifferent 
electrodes placed on the centre of the subject's back at the level of C7. In those places 
where the electrically conductive sections of metal foil now reached the edge of the GVS 
electrodes, strips of double-sided tape were attached such that the entire surround of each 
electrode was both electrically insulated and adhesive to the skin. The bare metal tags on 
each electrode were further insulated with tape except for the very end to which the leads 
were attached using alligator clips. 
APPENDIX A2: General Experimental Methods 
Figure A2.5 large electrosurgical split grounding plate electrodes (left) are cut with 
scissors into shapes suitable for application over the mastoid processes behind each 
ear, and for an indifferent site over C7 (right). 
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The electrodes come already preloaded with a layer of conductive gel over each of the 
metal foil sections. In addition to the existing gel layer another generous layer of EMG 
electrode gel (such as Signa Gel from Parker Laboratories, Fairfield, New Jersey, USA or 
insert gel type) was added to ensure good electrical contact with the skin over the entire 
service of the electrode. This extra gel was particularly effective at preventing any 
'hotspots ' from an uneven resistance or impedance across different areas of the electrode 
that might otherwise have produced a local current density capable of damaging the skin. 
Figure A2 6 Tubes of EMG electrode gel used to coat the surface of each of the 
electrodes used for GVS 
The skin at each of the sites for electrode placement was inspected to ensure that it was 
clean and dry and that there was no damage such as cuts, abrasions, or spots that might be 
irritated by the delivery of galvanic current. The electrodes were then applied to the 
surface of the clean and dry skin of each subject using the electrode' s adhesive surround, 
and a piece of insulated tape was added to the skin underneath the location where the bare 
metal tag and alligator clips might otherwise touch the subjects. Direct contact with this 
bare metal might otherwise have produced a very high density of current that would 
produce the kind of pain and skin dan1age characteristic of previous attempts to deliver 
GVS via small metal electrodes. 
APPENDIX A2: General Ex~rimental Methods 
Figure P\2. . 7 The large surface electrodes attached to the skin by their adhesive 
surround, and insulated tape attached to the skin under the bare metal tags and 
alligator clips. 
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The video headset used for the measurement of oculomotor responses was then placed over 
the top of the electrodes and held in place using Velcro straps. An unforeseen advantage 
of this arrangement came from the fact that the individually moulded thermoplastic mask 
used to suppress relative camera-head movement also tended to keep the GVS electrodes 
firmly held in place over the mastoid processes behind each ear. 
Figure P\2. 8 The video headset used for the measurement of oculomotor responses 
was rather more comfortable than the distorted smiles it tended to produce would 
indicate! 
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The bare metal tags from each electrode were passed through the ear holes on the video 
headset and connected to the isolated constant-current galvanic stimulator using the leads 
with alligator clips attached. 
Figure A2.9 The bare metal tags of GVS electrodes attached to the isolated constant 
current generator via leads with alligator clips. 
The subjects were then supported using straps around the waist and across the chest and by 
padded head, shoulder, arm, thigh and foot rests to suppress any head or body movement 
during the test. These supports were used in order to control for influences on the VOR 
other than those from GVS, such as those from the somatosensory system. The control of 
other influences during the oculomotor response to GVS has been addressed at length in 
Appendix A 1. 
Figure A2 10 The subject supported by straps around the waist and across the chest 
and by padded head, shoulder, arm, thigh and foot rests. 
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A2.3: GVS EQUIPMENT INSTRUCTIONS 
Galvanic Stimulator 
Instruction Book and Circuit Diagrams 
University of Sydney 
and Royal Prince Alfred Hospital 
Jan S. Curthoys, Hamish G. MacDougall, Ann M. Burgess 
School of Psychology, University of Sydney, NSW 2006 
November 25, 2002 
ELECTRODE PLACEMENT 
The three types of electrode placement are listed below: 
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1. Unilateral: cathode or anode on the mastoid process, and anode or cathode on the 
vertebra prominens (C7). 
2. Bilateral bipolar: cathode over one mastoid process, and anode over the other. 
3. Bilateral unipolar: cathodes or anodes on each mastoid process, and anode or cathode on 
C7. 
The electrodes are made from electrosurgical plating (Niko Electrosurgical Grounding 
Plates; Ref. 4883, 2003.06; Maersk Medical Ltd, Stonehouse, Gloucestershire, UK). These 
are cut into the right shape, and to a size of about 600-900 square mm, i.e. about the size of 
a SOc piece. They are then smeared liberally with electrode gel (Spectra 360, Salt-free, 
Hypoallergenic Electrode Gel; Parker Laboratories, Fairfield, New Jersey, or Signa Gel 
Electrode Gel; Parker Laboratories, Fairfield, New Jersey), and placed on the subject. To 
connect the electrodes to the stimulator leads, the end of the electrode is folded and 
attached to the alligator clip on the electrode lead. A large piece of insulating tape is 
placed on the skin under each alligator clip. 
STIMULUS DELNERY 
The following standard convention is used for the wires: 
Red wire: Electrode on right mastoid 
Black wire: Electrode on left mastoid 
White wire: Indifferent electrode (C7) 
This device has 3 modes of operation. 
1. Off: no current delivered to the circuit or patient (centre position of DPDT centre-off 
switch). 
2. Manual control: "down" position on DPDT on-off switch. Allows operator to increase 
current using the potentiometer. Current offset controlled either by DUMMY -SUBJECT 
switch or by main (battery-power) switch being turned off. 
3. Computer control: "down" position on DPDT on-off switch. Also allows a TTL signal 
from an external computer to switch off/on the current by activating a solid-state relay 
(AQY 210EH). 
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Operation 
While the box is stilJ turned off (Power set to "OFF", on the left switch at the bottom ofthe 
box), each wire is plugged into the relevant socket on the top right side of the current-
delivery box. For example, for an anode-left, cathode-right stimulus, the black wire would 
be plugged into the socket labelled "ANODE", the red wire would be plugged into the 
socket labelled "CATHODE", and the white wire not plugged in. For a bilateral anodal 
stimulus, the white wire would be plugged into the socket labelled "CATHODE", and the 
black and red wires into the socket labelled "ANODE". 
There are two types of stimuli: one which commences from zero current, and the stimulus 
current is gradually ramped up to the desired level by manually increasing the 
potentiometer, and the other where the stimulus current is increased in a step from OmA to 
the desired current level. 
RAMP-UP STIMULUS 
Power is set to OFF, and the current is set to its minimum level (i.e. the black line on the 
current-control knob is horizontal, and on the left side of the knob), and Output Select is 
set to Subject. After connecting the electrodes, Power is set to ON, and the current-control 
knob is gradually rotated to the right until the desired current level is reached on the 
milliammeter. The current is ramped up at a rate of about 1 mNsecond, and a final current 
of 5mA is not exceeded. 
The stimulus is left at a constant level until that part of the test is finished, and then 
gradually the current is ramped back to zero at the rate of about 1 roN second, as before. 
The Power is set to OFF, and either the next stimulus is presented, or if the test is finished, 
the electrodes are disconnected. 
SQUARE-WAVE STIMULUS (MANUAL CONTROL) 
Power is set to OFF, the current is set to its minimum level , and Output Select is set to 
Dummy. After connecting the electrodes, the desired output current (e.g. 1 rnA) is set using 
the current-control knob, and when this is reached, Power is set back to OFF. Output 
Select is then switched to Subject. Power is then set to On, at which time the stimulus is 
delivered. When it is time to finish the stimulus, Power is set back to OFF, and Output 
Select is set back to Dummy. The next desired current level is selected and that stimulus is 
delivered in the same way, or if finishing the test, the current-control knob is returned back 
to the minimum level and the electrodes are disconnected. 
SQUARE-WAVE STIMULUS (COMPUTER CONTROL) 
As above for manual control. However, when the preliminary current-level adjustment is 
complete, the Power switch is set to ON. A TTL pulse from the computer will activate a 
solid-state relay and switch the current for the duration of the TTL pulse emitted by the 
computer. 
Note that the solid-state relay is normally closed: - the computer program is written to take 
account of that. During computer-controlled operation the operator can switch the 
stimulus off at any time by throwing the Power switch to OFF. Also note that the 
specifications for the solid-state relay state it has 5000V of AC isolation. 
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A2.4 VidEyeO TESTING: 
Figure A2.11 The infra red lights, cameras, and 'hot mirrors' arranged on a Perspex 
frame that is in turn attached to an individually moulded thermoplastic mask held on 
with Velcro straps. 
A34 
The current video eye movement analysis system (VidEyeO) is comprised of a number of 
hardware and software components. 
HARDWARE 
Lighting: the system begins with sources of infrared light that illuminate the subject's eyes 
without conscious visual stimulation. This lighting is provided by light emitting diodes 
(LEDs) (KTM5070: INFRA RED EMITTER, PANEL MTG, FARNELL Order Code 327-
414) on flexible wire stalks that facilitate their adjustment. The infrared LEDs have a 
focusing lens and a metal housing that absorbs excess heat and protects the subject from 
the unlikely possibility of an LED exploding (Proceedings of the VOG Workshop, 
Tubingen, Nov 30-Dec 2 1999). Constant current limiting circuitry also protects subjects 
from excessive infrared radiation (which could result in redness or dryness of the eye). 
Cameras: The infrared light which is reflected from the eye is converted into video images 
by a remote head 1/3 inch CCD camera (Industrial: Panasonic CDl) or Y.. inch miniature 
CCD camera (Monochrome Infra-Red Sensitive CCTV Video Surveillance Camera, 480 
H-Lines SONY HAD CCD & SONY Chipset, or FireWire camera: ADS Technologies 
PYRO IEEE 1394 Web Cam). Infrared Pass filters on the camera lenses prevent ambient 
light from affecting the image of the eye (Infra-Red PASS: ~ 730 nanornetres wavelength 
Film 0.1 mm flexible.) 
'Hot' Mirrors: Images of each eye are reflected into the camera's field of view by a glass 
dichroic filter which is differentially reflective to short wavelengths (infrared) but 
transmissive to higher frequencies (visual spectrum) (Coolbeam™ Heat/Light separation 
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Mirrors/ Wide Band Hot Mirrors, OCLI, Santa Rosa, California USA). These mirrors 
permit an uninterrupted visual field for the subject (who looks through them) and clear 
images for the cameras. 
Perspex Frame: The cameras and light sources are attached to a Perspex™ frame that is 
'hot glued' to the subject's mask. 
Masks: Close fitting thermoplastic masks (Polyflex™ Smith & Nephew) spread the weight 
of the headset and camera across the face and prevent relative movement of the camera and 
the head that would be erroneously interpreted as eye movement. 
Video Decoders: For industrial CCD cameras the CCD 'head' is connected via a short (2 
metre) lead to a remote decoder box that contains the normal video camera electronics. 
Video Cassette Recorders (VCR): video signal is passed through coaxial leads to SVHS 
video recorders, and then on to the video acquisition cards. These VCRs provide 2 
functions: 1) They record test images and sound for timing cues used for later 
acquisition/reacquisition and processing, and 2) they filter the submodulated chrominance 
or colour signal (when present) from the composite video signal. This colour information 
is treated by some monochrome acquisition cards as noise and can be removed by feeding 
the composite video into the VCR and the SVHS luminance (monochrome) signal out to 
the acquisition card. 
Acquisition cards: a monochrome video digitising card or analogue-to-digital converter 
(ADC) converts video signal into a stream of digital data for processing by the computer. 
Firewire (IEEE 1394) cameras and USB 2.0 cameras transfer digital data directly to the 
computer via an inbuilt Firewire or USB 2.0 port or appropriate adapter. 
Computer: an IBM-compatible personal computer (PC) interfaces the acquisition cards 
with central processing hardware capable of analysing the video data in real time. 
Computer Monitor: results of image acquisition and processing are viewed on a computer 
monitor. 
Video monitor: raw video signals are also displayed on video monitors in the control room 
and near the subject to permit monitoring during a test and the adjustment of camera 
position, focus, and infra-red lighting during the setup procedure. 
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SOFTWARE 
The VidEyeO system software is written in a data-Oow style graphic programming 
language from National Instruments (Austin, TX, USA) called LabVIEW G™. An 
additional software package called VISIONTM helps simplify video analysis by providing 
off-the-shelf 'subroutines'. The operation of this software is explained in the following 
section 'PROCEDURE VidE yeO ANALYSIS SETUP' and in the instructions in Appendix 
A4.8. 
PROCEDURE: SUBJECT PREPARATION 
BRIEFING: Subjects were told about the nature and purpose of the experiment. They 
were informed about: the use of a pupil constrictor and its effects both during and after the 
experimental session; the discomfort of restraint while aboard the centrifuge or tilt chair; 
and about the possible effects of the VidEyeO mask (such as headaches). Subjects were 
told that they could discontinue the experiment and be released from the apparatus at any 
time. 
QUESTIONING: Subjects were questioned as to their history of vestibular pathology or 
abnormality in order to exclude from the 'normal' those who were more appropriately 
considered 'patients'. They were also questioned about visual impairment (short 
sightedness, astigmatism and so on) and told that contact lenses should not be worn during 
the tests. 
INVITATION: If suitable, potential subjects were invited to volunteer to participate. 
CONSENT: An information sheet was given to each subject, describing the procedure 
apparatus and drugs used (see Appendix A2.7). Subjects were asked if they had any 
questions and then required to sign this consent form before continuing. 
MASK MAKING: Each subject was fitted with a personal facemask of thermoplastic 
material. A sheet of this plastic was cut into shape with eye, mouth and ear holes with the 
aid of a template. The plastic sheet was then heated by immersion in hot water at 70" 
Celsius for 10 minutes or until soft. The subject lay on their back with their head raised a 
little by a headrest. The plastic sheet was then removed from the water with tongs, dried 
between paper towels and quickly placed over the subjects' face (most subjects found the 
warmth of the plastic pleasant). The sheet was then stretched and moulded about the 
contours of the subject's face by the experimenter and, with instruction, by the subjects 
themselves. When satisfactory clearance about the eyes and mouth, as well as a firm fit 
around the nose and forehead was achieved, the mask was allowed to cool. Once cooled, 
the mask was lifted from the subject's face, trimmed of excess material, marked with their 
name and fitted with adhesive Velcro™ which served to anchor straps for attaching the 
mask firmly about the back and crown of the head. This mask making procedure was vital 
in producing a stable platform upon which to mount the video cameras, since any relative 
movement between head and camera would be interpreted by the VidEyeO system as eye 
movement. Thermoplastic masks made in this way are very effective at preventing this 
relative movement of head and camera. 
PILOCARPINE TESTING: Naive subjects had a single drop of Pilocarpine Nitrate 
administered to one eye, and were observed for any unusual irritative or allergic reaction 
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(no such reactions have been detected in the vestibular research laboratory- University of 
Sydney). VidEyeO, in its current form, benefits from the application of a pupil constrictor 
in order to stabilize changes in pupil diameter. Pupil dilation causes problems with pupil 
tracking and with variations in ira! signatures that prevent accurate measurement of 
torsional position. 2-3 drops of Pilocarpine (Chauvin Pharmaceuticals, UK) were used to 
constrict subject's pupil responses during test sessions in this study. The possible effects 
of this substance on visual acuity do not concern this project because subjects viewed 
nothing more complicated than clear fixation and calibration lights. 
REID'S LINE MARKING: Subjects were asked to wear their mask while a line was drawn 
on the side of their mask between the superior margin of the infra-orbital ridge and the 
upper edge of the external auditory meatus. This line is a standard head reference plane, 
used in radiology, and is called Reid's Line. Another line was drawn 21 o raised open 
anterior from Reid's Line and was assumed to lie roughly in the utricular plane. Marks 
were also drawn around the eyeholes to show the location of the pupils for accurate frame 
attachment. 
PERSPEX FRAME ATTACHMENT: With a subject's mask strapped to a dummy or 
model head, the VidEyeO frame was hot-glued to the mask's forehead area. Care was 
taken to position the frame parallel with the axes of the head and at an appropriate height 
to allow the best camera view of the eye without obstructing vision. 
PROCEDURE: APPARATUS SETUP 
RESTRAINT: Subjects were seated in the apparatus (tilt chair or fixed-chair centrifuge) 
such that they could push against a footrest to keep their back straight and against the rear 
of the seat. Supports were fitted against the subject's thighs, upper lumbar region and 
shoulders in order to prevent their body from slumping or shifting especially in response to 
the lateral forces generated if tilted or centrifuged. Straps around the waist and across the 
chest were tightened for safety and to prevent unwanted movement. 
MASK ON: The subjects' mask, complete with VidEyeO camera frame, cameras, and 
infrared light sources, was then placed on the subject's head and the straps tightened within 
the limits of comfort. 
VIDEO SETUP: Connection and adjustment of the head-mounted equipment was carried 
out while the subjects were still relatively comfortable. These adjustments included the 
movement of cameras to centre the images of the eyes both vertically and horizonta11y on 
video monitors. Focus and lighting were adjusted to provide sharp and high-contrast 
images of the pupils and irises. 
HEAD RESTRAINT: The subject's head was positioned with regard to comfort, gaze 
direction, and with Reid's line tilted at the appropriate angle with respect to gravity. Their 
head was held in this position by curved appliances on each side and above - clear of the 
VidEyeO mask. 
FIXATION: The fixation light (when used) consisting of one small visible light emitting 
diode (LED), was arranged about one metre from, and centred in front of the subject. A 
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second LED was horizontally displaced from the central LED by a known visual angle and 
could be turned on during the calibration procedure. 
CARD SETUP: The head mounted video cameras and lighting were adjusted while 
subjects fixated the centre LED, and for online processing, the video acquisition cards 
adjusted for optimal picture quality by loading gain and offset instructions into its 
hardware registers and viewing results on a computer monitor. 
SAFETY CHECK: At this point the apparatus was checked for obstruction and 
attachments tightened. For centrifuge runs the chair was walked around the room, 
cupboard doors locked, monitors (with phosphor that can glow for some time) covered. 
The tilt-chair was checked for zero tilt, sufficient control-cable slack and freedom from 
obstruction. 
COMMUNICATIONS: Subjects were fitted with headphones and two-way 
communication established between subject and operator (in the control room). 
LIGHTS: All persons but the subject and experimenter then vacated the tilt or centrifuge 
rooms. Doors were closed, curtains drawn, and all lights but the fixation light 
extinguished. 
PROCEDURE: VidEyeO ANALYSIS SETUP 
LOAD VidEyeO: The VidEyeO program was loaded under LabVIEW, a graphic 
programming language (National Instruments). 
SET UP TEST: Details such as subject's name, date, type oftest etc. were entered into the 
computer for inclusion as a header in the data file. 
RECORDING: SVHS video recorders in line with the video acquisition cards were then 
set to record the test details (as audio) and the remainder of the procedure for later re-
processmg. 
FRAME GRAB: The subject was then asked to fixate the LED and maintain a wide-eyed 
stare while a single frame of video for each eye was loaded into random access memory 
(RAM). The subject was then instructed to relax for a moment while the image was 
analysed. 
PUPIL THRESHOLDING: The video images were then converted to bitmap images 
(black and white) using an adjustable threshold level until only the pupils remained white 
on black iris surrounds. The threshold values were then stored by the computer for use on 
successive frames. 
PUPIL TRACKING: A centre of mass calculation was performed on the bitmap pupil 
images to determine their centres for the tracking of vertical and horizontal eye 
movements. 
SAMPLING RADIUS: The operator was asked by the computer to identifY sampling radii 
for the iral signatures. The optimal radii could be judged by the variation in landmarks 
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through which they passed and by the histogram and auto cross-correlation plots produced 
in real time. 
FILTER SELECTION: A number of digital filters could also be applied to the iral 
signatures and in most cases, a band pass filter ( 4 Hz - 70 Hz) was used to suppress 
unwanted artefacts and video noise. 
SAMPLE IMAGES: Once satisfied with all settings, the operator asked the subject to 
fixate the LED while the reference or base-line images were acquired. 
TEST PHASE: The VidEyeO system then entered the test phase proper in which samples 
could be grabbed at the video frame rate (25-30 Hz) continuously or paused at will. 
PROCEDURE: TEST PHASE 
Baseline Torsion: Subjects were again asked to fixate the LED for 2 minutes of baseline 
video acquisition. 
STIMULATION: Subjects were warned before the onset of a change in the stimulus and 
asked to resist the tendency to slump or move in response. Just short of each change, a 
verbal countdown was initiated in order to prepare the subject and to record the stimulus 
onset on the VCRs. 
Torsion Logging: Continuous logging continued during the entire test sequence, and 
subjects were encouraged to maintain wide-eyed fixation and motionless posture. 
Return to Baseline: Prior to the return to baseline, subjects were again warned about the 
approaching change in stimulus and the countdown again initiated. At 4 minutes, the 
centrifuge was decelerated at s ·/s/s to rest and tilt-chair driven at 2·/s back to the upright 
position. 
Recovery Logging: After the end of the last stimulus, logging was continued for two more 
minutes while subjects' recovery of baseline torsional eye position was measured. After 2 
minutes the VidEyeO test session and videocassette recorders were stopped. 
Rest: After the completion of a test, subjects had their head holder removed and mask 
removed if they so desired. They were asked how they felt, if they were relatively 
comfortable and if they wished to continue onto a second data acquisition session while the 
apparatus was set up and pupil constriction still active. 
Release: After the end of a test, subjects were released and thanked. Their eye was 
checked for redness and dryness for which medication was available. They were reminded 
that their vision could be impaired by pupil constriction and cautioned against driving or 
operating heavy machinery for some hours. 
Return: Subjects were also invited to return for another session if they so desired. 
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DATA FILES 
The VidEyeO system produces printable graphs and ASCIT text files containing a header 
or record of subject details, test type, date and time, number of samples and so on. Values 
of: acquisition time, horizontal vertical and torsional eye position, pupil area, reset markers 
and timing flags are stored in delimited columns for subsequent analysis. 
CALCULATION OF SLOW PHASE VELOCITY 
The axes used follow the Hixson-Niven-Correia system (Hixson et al., 1966), in which the 
x axis is parallel to the nasa-occipital axis and points forward from the subject's point of 
view, the y axis is parallel to the interaural axis and points to the subject's left, and the z 
axis is parallel to the vertical axis and points upward. 
The eye co-ordinates used in this thesis are the Fick Euler angles, in which a single rotation 
of the eye is represented as the outcome of three successive rotations from the reference 
position (looking straight ahead): first, a rotation by angle 8 about the z axis; next, a 
rotation by angle</> about the eye-fixed y axis; finally, a rotation by angle 1/; about the eye-
fixed x axis. 
The angular velocity w is defined to be a vector with length given by the instantaneous 
total angular speed w and with direction in space given by the instantaneous axis about 
which the eye is rotating. w can be calculated (Haslwanter et al., 1995) from the co-
d. I . . dO 2f . d ll ~ 11 . or mate ve octtles dt . dt . aud dt as 10 ows. 
W= 
d~ d~ . dl * cos( 0) * cos(~) - dt * ~nn( 0) 
d~ d~ . 
dt * cos( 0) + dt * sm( () ) * cos( ~) 
dO dv . 
--- * Slll( <P) dt dt 
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A2.5 METHODOLOGICAL ISSUES 
MAGNITUDE OF GVS CURRENT 
The maintained surface galvanic currents used in many of the experiments in this thesis are 
considered quite large compared with those which others have been able to deliver safely 
and without discomfort. It has been suggested that 'large' currents of 5mA produce 
unphysiological magnitudes of vestibular stimulation. In comparison with natural stimuli, 
the effects of GVS (even at 5mA) are in fact quite small, producing eye movements of just 
a few degrees or degrees/s, similar to those produced by modest angular accelerations 
(<5./s2) or tilts through small angles (<45.). 2 minutes of stimulation is not considered 
unphysiological during rotation testing or caloric testing, even though some adaptation 
may be observed over extended periods of stimulation. The continuous response of 
otoliths to maintained linear accelerations, during different head positions with respect to 
gravity, are not considered unphysiological even though they are commonly maintained for 
hours. 
DURATION OF STIMULI 
Since eye movements, especially T POS, are unstable (e.g. there is a spontaneous 
oscillation ofT POS of± I • over a period of as much as one minute), measuring T POS 
over short periods (< 1 minute) during this spontaneous oscillation can result in variations 
in the estimate of position which differ by as much as 2·, which is more than enough to 
swamp many main effects, including those from GVS. We always gather and average over 
at least one hundred seconds of data at each baseline and stimulus condition in order to 
avoid these problems. Given recent refinements in both methodology of stimulation 
(large-surface electrodes, appropriate amounts and types of conductive gel, ramp onset 
delivery of GVS) and improvements in eye-movement recording systems, stimulus 
durations are now mostly limited by concerns for subject safety and comfort. We have 
delivered GVS at 5mA for as long as 30 minutes without any problems (in order to 
examine medium-term vestibular adaptation). 
RECOVERY PERIODS BETWEEN STIMULI 
An inter-stimulus interval of 2 minutes was chosen to permit an accurate assessment of the 
magnitude of torsional offset response (see preceding comment). An inter-stimulus 
interval (lSI) of much more than 2 minutes would, over a number of stimulus conditions (6 
- 8) produce a test-session so long that we would be pushing the limits of subject stamina. 
It is important to deliver these stimuli during the same test session to avoid contamination 
by within-subject variables such as the subject's level of arousal and fatigue. 
PSEUDO-RANDOM SEQUENCE OF STIMULI 
It was our original intention to treat our data as difference scores. We chose to deliver the 
same (pseudo-random) sequence to all normal subjects in order to ensure inter-subject 
comparability of starting adapted positions prior to each stimulation condition, because we 
assumed that this would be vital to the analysis. However, treating the data as differences 
produced massive and irrational asymmetries that are sequence-dependent and which 
reverse with different stimulus sequences. Section 4.3.2 describes an example of this kind 
of distortion produced by calculating differences between adapted baselines and response 
amplitudes and a comparison with absolute response measures that are free from these 
distortions. 
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SYNCHRONISATION 
Synchronisation of stimuli and between the two eyes was achieved by using the audio 
channel on the videocassettes, similar to the methods used by various authors. Each time 
the galvanic stimulator was energised, it emitted a click, which was recorded on the audio 
channel of the videocassette and converted into a synchronised "stimulus" trace during the 
eye-movement analysis. An electronic timer was used to signal the start and end of the 
stimulation period to the operator, and this signal was also recorded on the audio channel 
of the videocassette. The variability in galvanic delivery ramp rate was insignificant over 
the time periods in which we are concerned. For instance, a worst-case scenario of a 
difference of a whole second in the time it takes to ramp up to 5mA would be undetectable 
when plotted against an abscissa that covers an epoch of hundreds of seconds. The 
advantages in subject safety and comfort which manual delivery provides include the fact 
that the operator has complete control and can make instantaneous decisions about whether 
to stop ramping up the current, to ramp back down or to switch off the stimulator in 
response to rare instances of subject discomfort. Finally, we have conducted trials using 
both square-wave onset (H. MacDougall et al. , 2002) and ramp onsets and find no 
difference in the eye-movement response to the maintained stimuli that we analyse from 10 
seconds after the changing current amplitude. 
A2.6 NEW CLINICAL STIMULATION PARADIGM 
At the same time as the introduction of the new eye movement analysis system a new 
clinical stimulation paradigm was also introduced. In previous tests a series of six two-
minute GVS conditions - AR, AL, CR, CL, CLAR and ALCR - were delivered and 
separated by two-minute stimulus intervals (26 minute tests including baseline). Based on 
the results from normal subjects and patients discussed earlier, a new sequence of stimuli 
was implemented. This new sequence was made shorter (18 minutes) and less taxing for 
patients by removing the unilateral anodal conditions that have been shown to be 
redundant by our work on the symmetry of anodal and cathodal responses. The bilateral 
bipolar stimuli (CLAR and ALCR) were also dropped because they provided little 
information about the asymmetry in response from the imbalance of healthy and 
dysfunctional vestibular labyrinths. These stimuli were replaced by the bilateral unipolar 
stimuli ALAR and CLCR that had been shown to produce no net response in normal 
subjects but which can be expected to reveal the asymmetries that are characteristic of 
many types of vestibular dysfunction by producing particular eye-movement response 
patterns. 
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A2.7: ETHICS APPROVAL 
All experimental procedures were approved by the University of Sydney Human Research 
Ethics Committee and the Ethics Review Committee of the Central Sydney Area Health 
Service (CSAHS) under the following ethical protocols: 
The mechanism, assessment and management of human vestibular disorders: perceptual 
and oculomotor responses 
(Protocol number 02/04/39 for University of Sydney and X02-0092 for CSAHS), and 
The effects of galvanic vestibular stimulation on ocular torsion and on visual and 
somatosensory perception of spatial orientation 
(Protocol number 98/4/9 for University of Sydney and X98-0230 for CSAHS) 
which was renewed in 2002 under the same title, with protocol number 
3173 for University of Sydney and X02-0263 for CSAHS. 
All subjects gave informed written consent. 
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A3: DEVELOPMENT OF THE EYE-MOVEMENT ANALYSIS SYSTEt\1 
A3.1 INTRODUCTION 
Background 
Early image-based methods for measuring 2D eye position evolved from differential 
reflection methods but employed the emerging television-camera technology. Various 
visual landmarks have been used to measure horizontal and vertical eye movement 
including: the corneal reflex, the pupil, blood vessels on the retina, and the limbus. 
Corneal Reflex Tracking 
This method is based on the principle that a light source is reflected off the cornea and 
moves in the direction of eye movement. This technique is limited by head movement and 
by flattening of the cornea at its extremities to a range of± l5°. 
Pupil Tracking 
The direction of gaze or the orientation of the optical axis of the eye can be estimated by 
focusing a television camera on the eye and using image processing to calculate the 
location of the pupil centre. This method can measure both horizontal and vertical eye 
movements with a resolution of approximately 0.1 °. Pupil tracking has a range that is 
limited by occlusion from the eyelids to perhaps ± 20° in vertical, and has a low temporal 
resolution that is limited by the video frame I field rate. This method once required bulky 
expensive and complex equipment, but has now benefited from rapid technological 
development. 
Figure A3.1 A schematic representation of the geometry used to calculate the rotation 
of a 3 dimensional eye from its projection onto a flat 2 dimensional image plane 
(Moore, Haslwanter, Curthoys, & Smith, 1996). 
Combined Pupil and Corneal Reflex Tracking 
Methods that track the pupil and the corneal reflex simultaneously were required to correct 
for relative movement between the subjects head and the space fixed camera. Since the 
position of the corneal reflex does not change relative to the pupil during lateral head 
movement but does during eye rotation, this system allowed considerable head movement, 
and an accuracy of about 1° for horizontal and vertical eye position measurement. 
Centre Of Mass 
Most early systems suffered from the assumption that the pupil is circular, and that the 
pupil centre is midway between the horizontal and vertical extents. In practice, even a 
circular pupil appears elliptical at eccentric eye positions. The more accurate centre-of-
mass algorithm for estimating the location of the pupil centre provides a resolution of 
around 0.1 °. 
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Computerized Image Analysis 
Developments in video and computer technology and in digital image processing methods 
have rendered the tracking of the pupil centre a relatively straightforward procedure, 
although refinements such as ellipse fits to partially occluded pupils are still providing 
improvement. Horizontal and vertical eye position is now reliably measured with a 
resolution of 0.1° by a number of robust commercial systems. However, pupil-tracking 
alone does not provide any information about the torsional position of the eye about the 
visual axis. 
IMAGE BASED TORSIONAL EYE POSITION MEASUREMENT 
Most torsional eye position measurement systems use one of two general methods: the 
tracking of natural or attached landmarks on the eye, or some variation of the polar cross 
correlation method. 
Landmark Tracking 
Early torsional eye movement measurement systems used still or motion photography to 
collect a series of images. These images were then manually assessed using painstaking 
measurement of the angles between landmarks or were superimposed with reference 
images in order to assess ocular torsion. Many attempts used natural landmarks to provide 
points to measure or features to superimpose. 
Some studies sought to facilitate the measurement of torsion by applying artificial 
landmarks such as fine sutures to the eye. The invasive natures of tracking methods that 
rely on artificial iral landmarks have made most of them unsuitable for clinical application. 
Recent attempts to apply temporary artificial landmarks to the sclera using a surgical pen 
soaked in cosmetic pigment (Clarke, Ditterich, Druen, Schonfeld, & Steineke, 2002) have 
improved the situation, but the local anaesthetic and physical contact required is still 
thought to be too invasive by many patients and clinicians alike. 
Polar cross correlation 
The polar cross-correlation method relies on the natural radial striation pattern of the iris, 
but suffers from variation in the strength of this pattern between individuals. Polar cross 
correlation simplifies the task of comparing whole images (with hundreds of thousands of 
8 bit pixel values) to a comparison of ira! signatures (of only the hundreds of pixels along a 
circular sampling path centred on the pupil). Iral signatures from each test image are 
cross-correlated with the iral signature from a reference image. The shift in the peak of the 
cross correlation function provides a measure of relative change in torsional position. 
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A3.2 THE VTM SYSTEM 
The development of the video eye movement measurement system used for this study 
began in 1986 with efforts by Ian Curthoys and Charlie Markham to solve a number of the 
limitations of the dual projection 35mm photographic technique (Diamond et al., 1979; 
Miller, 1962). Video imaging was seen as a way to improve upon the painstaking 
subjective and manual superimposition of individual photographic images, by semi-
automating the process with computerized image analysis. Video was also a solution to 
the problems that followed from the cost, delay and uncertainty involved in external film 
processing. Considering the rather modest performance of computer processing and image 
analysis available at the time, the advantages from immediate feedback on image quality 
were probably the most significant. 
The measurement of torsional eye movements from video images started to become reality 
in 1989 when Prof. Curthoys initiated a project with an electrical engineering student 
named Terry Jordan. This project called 'Image Processing of The Human Iris' (Jordan, 
1989) developed a theoretical analysis and programming strategies for pupil centre 
location, iral signature interpolation and comparison by cross-correlation. Image analysis 
was performed on a VAX computer, although the author recommended the future use of an 
IBM AT Compatible with at least 12 Megahertz (over 200 times slower than the machine 
running this word processor!) In 1990, another electrical engineering student named Steven 
Moore was supervised by Mark Headley and Ian Curthoys and developed the Video 
Torsion Measurement (VTM) system software for IBM Compatible PC. This System was 
extensively evaluated by a third electrical engineering student, Steve McCoy, who found 
that 'overall the system performed above expectations, however modifications do need to 
be implemented in the mechanical, electrical and software domains' (McCoy, 1990). 
Many improvements in the mechanical, electrical and software domains have been 
implemented during the subsequent twelve years of development at the School of 
Psychology - University of Sydney. Most of the mechanical and electrical improvements 
were developed by Ian Curthoys at the School of Psychology. The VTM software was 
developed further from 1992-1995 by Steven Moore for his PhD thesis "Eye position 
measurement using image processing" (Moore et al., 1996). Collaboration with Dr 
Thomas Haslwanter facilitated various numerical simulations (Curthoys, Moore, 
Haslwanter, Black, & Smith, 1994; Haslwanter et al., 1995; Moore, Haslwanter, Curthoys, 
& Smith, 1994; Moore et al., 1996). 
The validation, testing and continual improvement of the system proceeded with the help 
of many individuals including: David Anderson, Ross Black, Leigh McGarvie, Peter 
McKee, and Mike Todd, at the Eye and Ear Research Unit; Ann Burgess, Andrew 
Cartwright, Ian Curthoys, Stuart Smith, and the present author at the School of 
Psychology. 
The development of the video eye-movement measurement system has included a number 
of novel contributions in the area of video-based eye position measurement, of which the 
most important are discussed below: 
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GEOMETRIC COMPENSATION 
Polar cross correlation is a common technique for the measurement of ocular torsion, but 
breaks down at eccentric eye positions. In most early polar cross correlation systems the 
shape or path of the sampling arc remains circular at all eye positions and is simply 
translated horizontally and vertically to follow the pupil. Iral signatures obtained using 
these uncompensated sampling paths are distorted and produce torsion measurement error 
(Moore et al., 1996). 
To correctly measure ocular torsion at eccentric eye positions using polar cross correlation, 
it is necessary to transform the circular sampling path into an ellipse based on the geometry 
of the eye and the current horizontal and vertical position. One major development for the 
VTM system was the introduction of the geometric compensation algorithm to extend the 
polar cross correlation method to the accurate measurement of 3D eye position. 
NUMERICAL SIMULATION 
VTM and other video based eye pos1t1on measurement systems also benefit from the 
numerical simulation of a variety of other sources of errors that had previously been 
dismissed or ignored. A numerical simulation of the polar cross correlation technique was 
able to quantify the magnitude of errors that can be expected from a lack of geometric 
compensation. Other errors that were assessed by numerical simulation include those from 
the optical properties of the cornea and from misalignment of the camera and eye 
coordinate systems. These simulations highlighted where the most serious potential 
sources of error were to be found and provided the methods by which these errors could be 
corrected or compensated for in the real video systems. 
VALIDATION 
The third most significant development of the VTM system was provided by extensive in 
vitro and in vivo validation studies. In vitro validation of the accuracy of the torsional 
position measures was performed using an artificial eye and iris-like pattern mounted on a 
high-precision mechanical gimbal. In vivo validation was achieved using simultaneous 
measurement of ocular torsion with VTMl and with a 35 mm photographic technique 
(Diamond et al., 1979). The results of monocular static torsional eye position from 
subjects during constant-angular-velocity rotation on a fixed-chair human centrifuge using 
the ambitious method of simultaneous video and photographic measures produced results 
that were almost identical (Curthoys et al., 1992). 
Validation established the effectiveness of 3D eye position measurement using these new 
techniques and to a large extent won acceptance and support for video eye movement 
measurement from a sceptical scientific community who had believed that only scleral 
search coil methods could provide accurate 3D data. 
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VTM VERSIONS 
VTM 1: The original version of the VTM measured just torsional eye position using the 
polar cross correlation technique, and a centrifuge-mounted camera (Moore, Curthoys, & 
McCoy, 1991 ). Within a small range of horizontal and vertical eye potion of ±5° the 
system was capable of a torsional resolution of 0.1 °. To achieve this resolution the 
subject's pupil size and iral pattern are stabilized by constriction with 2% Pilocarpine 
Hydrochloride (Chauvin Pharmaceuticals, UK). 
The system hardware consisted of an IBM-AT compatible PC, a Matrox MVP-AT image 
acquisition card, and a monochrome CCD video camera (Panasonic WV BL-202). The 
camera was mounted some distance from the eye, so an 18-1 08 mrn zoom lens was used to 
provide a close-up image. A cluster of infra-red light emitting diodes (LEDs - CQY89A) 
was attached to a pair of modified spectacle frames for illumination. The system software 
was written in the C programming language and run under the MS-DOS operating system. 
The coordinates of the pupil centre were determined within a small 'region of interest' at 
the centre of the image, by using a centre of mass algorithm. An iral signature was 
obtained from sampling arc of 256 pixels from the lower right quadrant of the iris. This 
45° arc was found to provide sufficient resolution and accuracy without over taxing the 
modest hardware performance and storage capacity available at the time. 
ACQUISITION: Prior to testing the operator entered patient and test details into the data 
file header. When the subject was ready for the test to begin the system sampled 20 
reference iral signatures for a baseline used in post-processing. During the rest of the 
experiment, individual test iral signatures were sampled and stored in response to the 
operator's key press - maximum rate 0.25 Hz* (*iral signatures sampled for post 
processing). 
PROCESSING: Post processing of a data set began by cross correlating the 20 reference 
iral signatures with an average of these signatures to select a baseline signature that was 
representative and not contaminated by blinks or head movement. All iral signatures were 
interpolated with a cubic spline function to provide 512 data points of equal angular 
displacement. Test iral signatures were then cross correlated with the baseline reference 
iral signature using fast Fourier transforms (FFTs). The peak in the cross-correlation 
function provided a measure of ocular torsion displacement. 
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VTM 2: The second version ofthe VTM system could store iral signatures continuously at 
a rate of 6 Hz, and for extended periods (limited by RAM). The first head-mounted 
camera set-up was developed using spectacle frames and an industrial ' lip-stick' size 
camera head. This arrangement eliminated much of the camera movement artefact from 
the chair-mounted camera of VTM 1, but the weight of the tightly strapped glasses was 
notoriously painful on the bridge of the nose. 
SPECIFICATIONS: VERSION: 
PLATFORM: 386 SYSTEM: 
MASK: Glasses CAMERA: 
HN/T: T Mon/Bin 
VTM2 
MS-DOS 
WV-CD1HE 
MON 
YEAR: 
LANGUAGE: 
CARD: 
GC: NO 
1992 
c 
MVP-AT 
Hz: 6* 
VTM 3: The third version of VTM attempted the first implementation of the geometric 
compensation algorithms. The system was limited to the same ±5° horizontal and vertical 
range as previous systems because only one sampling arc was used, and problems occurred 
with the variations in lighting across the iris. 
SPECIFICATIONS: VERSION: 
PLATFORM: 386 SYSTEM: 
MASK: Thermo CAMERA: 
HN/T: T Mon/Bin 
VTM3 
MS-DOS 
WV-CD1HE 
MON 
YEAR: 
LANGUAGE: 
CARD: 
GC: YES 
1993 
c 
MVP-AT 
Hz: 6* 
VTM 4: The fourth version of YTM solved the problems from the variations in lighting by 
sampling an iral signature from the quadrant opposite to the one the pupil had moved into. 
This signature was furthest from the shadows around the eye and was correlated against a 
reference signature from the corresponding quadrant of the reference image. This 
refinement produced the first fully functional implementation of the geometric 
compensation algorithm for measuring 3D eye position. Major improvements were also 
made in the illumination and camera mounting. Two vertically-mounted cameras viewed 
an image of the eye reflected by 'hot mirrors' that appeared transparent, and provided a 
clear field to the subject. The cameras, hot mirrors and light sources were arranged on a 
plastic frame that was hot glued to the front of an individually moulded thermo plastic 
mask. Ian Curthoys was apparently inspired to develop this most successful method for 
reducing relative camera-head movement and subject discomfort by the masks used to 
prevent head movement during SPECT studies. 
SPECIFICATIONS: VERSION: 
PLATFORM: 486 SYSTEM: 
MASK: Thermo CAMERA: 
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Win 3x 
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BIN 
YEAR: 1994 
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GC: YES Hz: 6* 
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VTM5: The fifth version of VTM was rewritten in a high-level graphical programming 
language called LabVIEW G (National Instruments, Austin, TX) and was run under the 
Windows 3.1 (Microsoft) operating system. This graphical user interface dramatically 
improved the system feedback and interactivity. This new version used optimized video 
subroutines, which in combination with a more powerful Pentium 90 MHz processor and a 
PCI bus frame grabber allowed the storage of iral signatures at 26 Hz. 
SPECIFICATIONS: VERSION: 
PLATFORM: P 90 SYSTEM: 
MASK: Thermo CAMERA: 
HNIT: HVT Mon/Bin 
VTM 5 
Win 3x 
WV-CD1HE 
BIN 
YEAR: 
LANGUAGE: 
CARD: 
GC: YES 
1995-96 
G for Win. 
RAPT OR 
Hz: 25* 
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A3.3 THE VidEyeO ANALYSIS SYSTEM 
NAME CHANGE: there were a number of reasons for changing the name of the video eye 
movement analysis system after VTM version 5. Firstly, the system had developed so 
much from its early beginnings that the name Video Torsion Measurement no longer did 
justice to the system's capabilities. A new name capable of reflecting the new 3D position 
and velocity functionality might well have been Video Horizontal Vertical and Torsional 
Position and Velocity Analysis system (VHVTPV AS) but thankfully, this was too 
unwieldy. The new name VidEyeO captures these new features: Vid for video acquisition, 
Eye for 3D Eye position and velocity analysis, EyeO or input-output (IO) reflects the new 
interactive input and real-time output capabilities. Secondly, a change of name seemed 
appropriate after Dr Steven Moore's departure in order to protect his fine reputation from 
any subsequent failures experienced during the system's continued development. This 
isolation from 'blame' should not be confused with a lack of acknowledgement and credit 
to the original developers of the VTM system on which VidEyeO is built. 
VidEyeO 1: The first version of VidEyeO was basically a stripped down and re written 
version of VTM 5. The simplification of the code was required to facilitate understanding 
by users and developers considerably less skilled than the original programmer. The 
number of subroutines was reduced from over 300 to less than 1 00 without sacrificing any 
functionality. This was largely achieved by simplifying many of the processing tasks that 
previously had to detect and respond to: left eye monocular, right eye monocular and 
binocular data. The VidEyeO version accomplishes many of the same tasks on a single 
stream of data and the entire sequence is repeated for multiple eyes. The figure below 
represents this change in program structure diagrammatically. 
OLD STRUCTURE 
Figure A3.4 Schematic diagram of old and new 
styles of data flow programming implementation 
NEW STRUCTURE 
r- TASI\ 1 l TASI( 1 
VidEyeO 1 was also rewritten to benefit from the use of data flow style programming 
which is the strength of the Lab VIEW G language. VTM 5 code was a fairly literal 
translation from earlier versions in the C language and therefore used many global 
variables which made it difficult to understand and debug. Errors in VTM 5 such as an iral 
signature that always defaulted to 100 pixels radius could then be found and fixed. 
VidEyeO 1 was also written to take advantage of the power of a new Pentium 166 
processor and to benefit from the new Windows 95 operating system. The most significant 
improvement came from a new ability to adjust the acquisition card hardware for white 
voltage level and black voltage level (similar to brightness and contrast). In previous 
versions, great care had to be taken during the adjustment of infrared lighting to produce an 
image with as much contrast as possible. In practice this method could often only achieve 
a range or contrast for the iral signature of perhaps 10 to 100 levels of grey. Adjustment of 
the acquisition hardware during the calibration procedure provided the ability to force all 
images to a range of grey level values close to the maximum of 256 (8 bits) and vastly 
improved the strength of cross correlations. 
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Figure A3.5 Adjustment of the acquisition card hardware for white voltage level and 
black voltage level 
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Another important improvement of the hardware involved the realization that a large 
proportion of the "noise" which had previously caused problems for processing, was in fact 
the sub modulated colour signal embedded in the composite video from colour cameras. 
By feeding the composite video signal into an SVHS recorder and feeding out only the 
luminance signal to the acquisition card, this chroma signal could be removed. At the 
same time, a new lightweight monocular headset using the same thermoplastic mask as 
previous versions but with a much simpler monocular camera mounting, was constructed. 
Calibration and validation procedures, which were critical to the successful reworking of 
the software, were also improved by the construction of a new larger and more accurate 
gimbal. 
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VidEyeO 2: was again a major reworking of the software in order to combine acquisition 
and processing into a single real-time online task. By cross-correlating ira! signatures, as 
they were acquired, a new level of feedback and control was provided to the operator. The 
effects of adjusting lighting, camera position, and focus could all be viewed interactively 
on a computer monitor during the setup procedure. Real-time processing also provided 
continuous feedback about quality and suitability of video images by continuously 
indicating the strength of cross correlation. The major problem from VTM post processing 
was that the quality of the data was not known until after the test had concluded, the 
apparatus had been dismantled, the pilocarpine had worn off, and the subject had departed. 
The advantages of real-time processing far outweighed the disadvantage from the 
decrement in acquisition rate to 10Hz for H, V, and T produced by a huge increase in 
computation. 
The real-time processing rate of 10 Hz was made possible by moving to a new Pentium 
266 processor and a new version of the Lab VIEW programming language ( 4) which 
included many new optimized subroutines. VidEyeO 2 also changed to a new acquisition 
card from National Instruments (NI-IMAQ 1408). These cards were capable of sustained 
transfer of full video images at rates at 30 Hz. Horizontal and vertical eye movement 
could be analysed at 30 Hz and torsional analysis benefited from a decrease in transfer 
time. This new card also had advantages from easily programmable look-up tables and a 
RTSI bus for synchronization. The 1408 was however the first video acquisition card from 
National instruments and suffered from some disadvantages including a lack of chroma 
filter and an inability to lock onto VCR video sources. Other hardware advances included 
the construction of a new binocular lightweight faceplate and an automated motorized 
calibration gimbal. 
SPECIFICATIONS: VERSION: 
PLATFORM: P 266 SYSTEM: 
MASK: Light Bin CAMERA: 
HN/T: HV/HVT Man/Bin 
VidEyeO 2 
Win95 
WV-CD1HE 
BIN 
YEAR: 
LANGUAGE: 
CARD: 
GC: YES 
1998 
LvG4 
NI-IMAQ 1408 
Hz: 30/10 
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VidEyeO 3: The major advances in Version 3 were from the move to a new Pentium ll 500 
MHz processor and to the new Windows 98 operating system. The sampling rate of the 
analysis system was increased to 15 Hz online for H, V and T, and to 50 Hz for Hand V 
by de-interlacing frames into two fields. Much of the new hardware performance was 
invested in more robust (and labour-intensive) algorithms including complex particle 
analysis, and in the use of multiple iral signatures. 
A new colour acquisition card from National instruments (NI-IMAQ 1411) included a 
chroma filter and sync hardware for connection to VCRs. The 1411 had no RTSI bus, but 
synchronization between cards could be achieved using a single programmable timing 
connector. Despite the colour functionality that was not used by our system, the 1411 card 
was much cheaper because it had only one video input channel. 
The new horizontal and vertical eye movement analysis versions of VidE yeO incorporated 
a new adjustable headset without thermoplastic that was suitable for static perception 
experiments. A big improvement in IR light sources also occurred at about this time. The 
old light sources were made by grinding down a number of infrared LEDs and gluing them 
together into clusters for sufficient light output. The new infrared light sources 
{KTM5070: INFRA RED EMITTER, PANEL MTG: FARNELL) consisted of a single 
high-power infrared LED with a focusing lens and metal housing which absorbed excess 
heat and protected the subject from the remote possibility of an LED explosion (anecdotal 
report presented in the Proceedings of the VOG Workshop, Tubingen, Nov 30-Dec 2 
1999). 
SPECIFICATIONS: VERSION: 
PLATFORM: Pll 500 SYSTEM: 
MASK: Helmet CAMERA: 
HN/T: HV/HVT Man/Bin 
VidEyeO 3 
Win98 
WV-CD1HE 
MON/BIN 
YEAR: 
LANGUAGE: 
CARD: 
GC: NAIYES 
1999 
LvG 4 
NI-IMAQ 1411 
Hz: 50/15 
VidEyeO 4 moved to a new AMD 850 processor and Microsoft NT 4 operating system, 
and to the new version of the Lab VIEW 5. This combination of hardware and software 
proved to be extremely stable such that computer crashes and the associated loss of data 
were rare. The processing rate of this system also increased to 20Hz H, V and T, and to 
60Hz for Hand V. A new acquisition card called NI-IMAQ 1407 had all the advantages 
of the 1411 but was even less expensive because it was monochrome. This decreasing cost 
suited a number of new systems for measuring H and V that were constructed for use in 
perception laboratories around the School of Psychology. 
New mini board cameras were also introduced. These cameras were so small that they 
could be head mounted without the remote interface box of the previous remote head 
industrial CCD cameras. The price of these cameras was also particularly attractive at less 
than $100, compared with thousands of dollars for the industrial version. A new "one size 
fits all" mask was also developed using the frame and silicone skirt from diving goggles. 
This headset was particularly good for experiments in which head holders or other devices 
(such as vibrators) were brought in contact with the subject's head because it was held on 
with a thin, flexible strap. 
SPECIFICATIONS: VERSION: 
PLATFORM: AMD 850 SYSTEM: 
MASK: Diving CAMERA: 
HN/T: HV/HVT Man/Bin 
VidEyeO 4 
NT4 
Mini ceo 
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YEAR: 
LANGUAGE: 
CARD: 
GC: NAIYES 
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LvG 5 
Nl-1407 
Hz: 60/20 
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VidEyeO 5 moved to a faster AMD 1.3 GHz processor, to the Windows 2000 professional 
operating system, and to a new version of Lab VIEW 6. This combination ofhardware and 
software, as well as a number of improvements to optimize the code, produced an increase 
in the speed of acquisition to the video frame rate of 25 -- 30 Hz for H, V T and to the 
video field rate of 50 to 60Hz for Hand V. New high-resolution versions of the miniature 
CCTV cameras were incorporated into a light-occluding mask suitable for clinical use at 
the bedside and without the control of ambient lighting used in the laboratory environment. 
A new version of the hardware and software was also produced for the accurate 
measurement of vergence eye movements using synchronized binocular real-time 
acquisition and processing. 
SPECIFICATIONS: VERSION: 
PLATFORM: AMD 1300 SYSTEM: 
MASK: Occluded CAMERA: 
HNff: HV/HVT Mon/Bin 
VidEyeO 5 
Win 2000 
Mini ceo 
BIN/BIN 
YEAR: 
LANGUAGE: 
CARD: 
GC: NAIYES 
2001 
LvG 6 
Nl-1407 
Hz: 60/30 
VidEyeO 6 kept pace with developments in computer hardware by moving to a new 
Pentium 4 processor running at 2.4 GHz. The new Windows XP professional operating 
system and Lab VIEW version 6.1 i also facilitated the move to portable laptop platforms. 
These new portable eye movement analysis systems were made possible by new digital 
camera technology. Firewire IEEE 1394 WebCams were directly connected to the inbuilt 
Firewire bus on desktop and laptop computers or via PCI and PCMCIA adapters. These 
cameras are powered by the computer power supply and so the battery-powered laptop 
version is wireless and can be carried by a freely roaming subject. A new sub-miniature 
notebook computer weighing less than lkg (Sony Picture book) was purchased to assess 
this exciting possibility. A number of experiments have also been carried out to assess the 
utility of the new USB 2 camera and bus technology. A number of new versions of 
VidEyeO have also jumped the species barrier by providing eye-movement analysis for 
research animals such as guinea pig, rat, and mouse. 
SPECIFICATIONS: VERSION: 
PLATFORM: PIV 2400 SYSTEM: 
MASK: Impulse CAMERA: 
HNff: HV/HVT Mon/Bin 
VidEyeO 6 
WinXP 
Firewire/USB2 
BIN/BIN 
YEAR: 
LANGUAGE: 
CARD: 
GC: NAIYES 
2002 
LvG6.1i 
Firewire/USB2 
Hz: 60-30/30 
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VESTIBULAR RESEARCH LABORATORY. School of Psycho logy, University of Syd ney. NSW, AUSTRALIA ... 
- --~-,.,-- - ""'- --="'-- _ ..,_______ - _,..._ - -- --
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A3.4 CURRENT PERFORMANCE AND FUTURE DEVELOPMENT: 
The following section describes the specifications on what the Video Eye movement 
System can do in its current form (early 2003), and describes what the system could do 
with minor modifications and the application of additional 'off-the-shelf hardware. 
At the present time, the system is using analogue and digital (Firewire) cameras: 
ANALOGUE SYSTEMS: 
VidE yeO is using Industrial PAL and NTSC CCD cameras worth about $2500 each, and 
security CCD cameras worth about $100 each. 
H, V and T: 
VidEyeO is processing H, V, and Tat 25 Hz (PAL) and at 30Hz (NTSC) 
VidEyeO could process H V and T at 50 Hz (PAL) and at 60 Hz (NTSC) by de-interlacing 
each frame into fields with half the vertical resolution but double the temporal resolution. 
VidEyeO is processing one eye at a time offline (from tapes) to get binocular data. 
VidEyeO could process two eyes on line and in real time if we used two Desktop PCs. 
Hand V: 
VidEyeO is processing H and V at 50 Hz (PAL) and at 60Hz (NTSC) by de-interlacing. 
VidEyeO is processing two eyes on line and in real time using one Desktop PC. 
VidEyeO could process H V and T at 60 Hz or 120 Hz by de-interlacing, if we used a fast 
industrial CCD camera like a SenTECH STC-1000, or a TELl CS3720 and two analogue 
acquisition cards per camera that would cost about $5000 per eye. 
DIGITAL SYSTEMS: 
VidEyeO is using Firewire IEEE 1394 webcams worth about $250. 
VidEyeO is processing Hand Vat 30Hz. 
VidEyeO is processing two eyes on line, and in real time, using one Desktop PC, or one 
Laptop. 
VidEyeO could process H and V at 60 Hz using an industrial Firewire camera like a 
CC3720ffrom TELl worth about $3000. 
VidEyeO could use Firewire cameras for processing H, V, and Tat 30Hz with the cameras 
we have or at 60 Hz with an industrial Firewire camera. 
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NEW DIRECTIONS IN VIDEO EYE MOVEMENT MEASUREMENT 
CMOS TECHNOLOGY 
Complementary Metal Oxide Semiconductor (CMOS) imaging technology has been 
considered inferior to charge-coupled devices (CCD) for many years. CMOS technology 
does however have one major advantage over CCDs in that it can be manufactured using 
the same methods and equipment used for normal silicon chip production. For this reason 
CMOS technology is cheaper and evolves at a much faster rate than CCD sensors, which 
can only be made by a small number of large manufacturers. The quality of video images 
produced by CMOS sensors is now as good as or in some cases better than those from 
CCDs. CMOS technology also allows for the integration of video processing on or near 
the sensor itself. This processing provides the opportunity to simplify the eye-movement 
analysis task by shifting some of the processing burden on to the camera hardware and off 
the computer CPU. Tasks such as the automatic adjustment ofbrightness and contrast, the 
dynamic modification of look-up tables, conversion to bitmap, and variable region of 
interest can all be done in the camera. Recent video eye-movement recording systems 
have benefited from some of these developments and features of CMOS technology 
(Clarke et al., 2002). 
DIGITAL CAMERAS 
Another important development in camera technology is the increasing use of digital 
imaging systems. Digital video cameras digitize images on or close to CMOS or CCD and 
avoid the problems of noise and interference inherent to systems that pass analogue video 
signals down long leads. Digital video cameras are proving to be smaller, lighter, and 
cheaper and have lower power consumption than an equivalent combination of an analogue 
camera and acquisition card for digital-to-analogue conversion. Digital cameras can 
interface directly with a number of high-speed bus types including Firewire (IEEE 1394) 
and USB 2.0 that are standard, built-in features of recent PC and Macintosh computers. 
Because laptop computers also incorporate these high-speed bus technologies, eye 
movement recording systems have now become truly mobile. A laptop computer can 
analyse or store video data from a camera without any external source of power. This 
means that video eye-movement analysis systems can now be used at a patient's bedside in 
the clinic or carried by a freely moving subject untethered to any experimental apparatus. 
The biggest advantage of digital camera systems for eye movement analysis is that they 
avoid the limits imposed by analogue video standards. It is possible to exceed the 25 - 30 
Hz frame rates of domestic video equipment by: de-interlacing frames into two fields; by 
using special double-speed cameras with more than one analogue video output; by using 
multiple digital to analogue converters; and by modifying camera electronics. These 
methods are complicated, processor intensive, and often very expensive because there is a 
small market for this esoteric equipment. Digital cameras can be programmed to transfer 
images of arbitrary size, adjustable pixel depth, variable region of interest, and have frame 
rates limited only by the bandwidth of their digital hardware. Since the Firewire bus 
permits a throughput of 400 Mbps and USB 2 a throughput of 480 Mbps, a high frame rate 
is possible, especially by transferring to the computer only the region of the image that is 
useful for eye-movement analysis. 
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ARTIFICIAL SCLERAL MARKERS 
The application of artificial scleral markers using the method of Clarke et al. (Clarke et al., 
2002) can be very useful in some cases where the subject's natural ira! landmarks or 
striations have insufficient contrast to produce images suitable for the polar cross-
correlation method. The application of markers also facilitates the use of simple 
lightweight and inexpensive video headsets which are suitable for the clinical environment 
but which may produce low-contrast images (often due to unadjustable light sources). The 
calculation of torsional eye position from the (geometrically compensated) angle between 
two markers like those we have applied to the subject pictured below produces accurate 
and relatively noise-free measures. The algorithms used for this approach are much 
simpler and faster than polar cross correlation, being not much more complicated than the 
measurement ofH and V from the pupil centre. 
Figure A3.1 0 A Video image of an eye with artificial scleral markers applied. 
We found that the process of applying these artificial markers was rather less unpleasant 
than we had suspected. The process begins by delivering a single drop of anaesthetic 
(Alcaine 5mglml - Alcon Laboratories, NSW, AUSTRALIA; or Amethocaine 
Hydrochloride 0.5%- Chauvin Pharmaceuticals, Essex, UK) (Figure A3.11, top left) to the 
subject's eye. While this anaesthetic took affect (1 0-15 minutes) we transferred a tiny 
amount of dry mascara pigment to a mixing container (plastic spoon) using the tip of a 
scalpel. We then wet the powder by adding a tiny drop of saline solution using a syringe 
(top right). We then mixed the powder and saline into a paste using the tip of a sterile 
surgical marker (bottom) until no large lumps remained. We then tested that the subject's 
eye was anaesthetized by touching the sclera with a pointed piece of tissue. If the subject 
was able to suppress their blink response we asked them to look to each side while gently 
applying the marker with the point of the surgical pen. Simply pressing the paste onto the 
surface of the eye produces a mark that is soon washed away by blinks. A good marker 
can be produced by gently forcing some of the mascara powder into the surface of the gel-
like sclera with a gentle scraping motion. This kind of marker will last some hours without 
harming the subject. 
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Figure A3.11 Various types of the equipment that can be used to apply artificial scleral 
markers. 
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An accurate description for the replication of these artificial scleral markers is difficult to 
achieve without making the process sound rather invasive and unpleasant. Although 
experience of this method was not considered unpleasant by our subjects (especially in 
comparison with the scleral search coil technique) the application of artificial markers will 
probably be most useful and acceptable in the research environment. 
Other problems with artificial markers of this kind follow from the fact that the sclera is 
known to move a little on the surface of the eye globe proper. The effect on the 
measurement of torsion from this movement is probably small and transient, but must, like 
the movement of natural iral landmarks during changes in pupil size, be critically 
examined. 
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A3.5 NEW H+V CLINICAL HEADSET 
Part way through the patient testing for this project, our new eye-movement analysis 
hardware for use in the clinical environment had developed to the point where it could be 
adopted for patient testing. The new system has a number of important advantages over 
the equipment used for basic research in the laboratory. 
Portability is made possible by new digital (IEEE 1394, 'FireWire') camera technology. 
These cameras are directly connected to signal and power via the FireWire port on laptop 
computers and produce a stand-alone wireless and battery-powered eye movement analysis 
system capable of processing eye movements at 30 Hz online and in real time. A new sub-
miniature notebook computer, weighing less than 1 kg (Sony PictureBook), was used to 
assess this exciting possibility. 
The cost of the new system is much lower because it replaces the industrial lipstick 
cameras ($3000 each), SVHS video recorders ($1800 each), and analogue acquisition cards 
($2800 each) with FireWire cameras only ($240 each) and because it is much simpler to 
construct with no hot mirrors or complicated mechanisms for camera adjustment. 
Figure A3.12 A comparison of a video headset used in the laboratory for basic 
oculomotor research {left) and a video headset more suitable for use in the clinic for 
the diagnosis of vestibular dysfunction (right). 
The 'dive mask' style light-occluded video headset (Figure 5.12 right) confers substantial 
advantage for clinical use because GYS testing can be conducted in any (non light proof) 
environment, such as at the bedside, and the headset can be worn by anyone without 
moulding the individual thermoplastic masks that are a time-consuming, expensive, and 
labour-intensive part of repairing the previous system (left). These headsets are also quite 
rugged because they have few fragile or protruding parts, and do not require careful 
adjustment of camera position and lighting. A further advantage of the new system results 
from the fact that it is unnecessary to use a pupil constrictor for the assessment of 
horizontal and vertical position and slow-phase velocity responses. A voiding the use of 
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pupil constrictors decreases the preparation time, complexity, and side effects of previous 
methods. 
The new system does however have a number of disadvantages that make it less suitable 
for basic research in the laboratory. The headset is less stable without the registration from 
individually moulded thermoplastic masks, and because the centre of gravity is further 
forward. It would then be more likely to shift relative to the head (producing eye 
movement artefacts) especially during the 'natural' inertial stimuli often delivered during 
vestibular research. Another disadvantage is that the system software is not yet capable of 
assessing torsional eye position responses from the video images produced by the new 
headset, mainly because of the inability to adjust the location and direction of infrared 
lighting. 
Development of the system software to provide measures of torsional eye position using 
pupil dilation compensation, artificial scleral markers (see Appendix A3.4), or pattern 
matching is currently underway and the best solution will be implemented in the next 
clinical system. 
Overall, the advantages of the new system have proven to outweigh the disadvantages for 
GVS testing in a clinical environment. The advantages will be overwhelming once the 
system software has been developed to solve the torsional position measurement problem, 
and will make routine clinical testing practical viable and realistic. The measurement of 
torsion using artificial scleral markers (using the method of Clarke at al. (2002) discussed 
in Appendix A3.4) works very well using this headset. 
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A3.5.1 CLINICAL H+V HEADSET VALIDATION 
In order to change over to the new eye-movement analysis system during this project it 
was important to ensure that the data produced by the two systems was comparable. 
The calibration and validation of the video eye-movement recording systems is addressed 
at length in the appendices. 
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Figure A3.13 A companson of oculomotor responses during a series of GVS 
conditions using the laboratory eye-movement analysis system (left) and the new 
clinical eye-movement analysis system (right). Similar groups of stimuli are shaded to 
facilitate comparison between the different presentation orders of the old and new 
expenmental paradigms. 
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Raw data traces of the eye-movement response, using the early series of GVS conditions 
and the laboratory eye movement analysis system are shown in the left hand plot. Raw 
data traces using the new series of GVS conditions (with the old bilateral bipolar 
conditions added for comparison) and clinical eye movement analysis system, are shown in 
the right hand plot. These two data sets obtained from the same normal subject and using 
the same current level of 5mA show that the magnitude of those response components 
measured by both systems (H and V SPY) are very similar during the same GVS stimulus 
conditions. 
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A3.5.2 CLINICAL H+Y PATIENT RESPONSES 
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Figure A3.14 Raw data traces of the oculomotor response to GVS for a patient 'MH' 
with a left lateral canal occlusion and 3 subjects 'BS' 'VH' and 'ES' diagnosed with 
Vestibular Neuritis, measured with the new H+V clintcal headset. 
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Raw data traces of the horizontal and vertical SPY responses measured using the new H+Y 
clinical headset and during the new clinical stimulation paradigm for a group of patients 
are shown in Figure 5.14. The patient 'MH' (top left) has a left lateral canal occlusion, 
however the horizontal SPY response to GYS delivered to the left side is as large as or 
even larger than, that to GYS on the right. This indicates that although the left lateral canal 
may be unresponsive to natural inertial stimuli such as yaw angular acceleration because 
the flow of endolymph has been blocked, it may still be possible to stimulate afferents and 
produce eye movements from this canal. The patients 'BS' (top right) and 'VH' (bottom 
left) are diagnosed with vestibular neuritis and show little systematic response to GYS 
delivered to either side. As discussed earlier this lack of response seems common among 
vestibular neuritis patients. The patient 'ES ' (bottom right) is also diagnosed with 
vestibular neuritis and shows that a general lack of systematic response from patients of 
this type does not always hold. This patient shows systematic horizontal and vertical slow-
phase velocity responses to GYS on their left side. The unusual vertical response is 
consistent with an imbalance of response from the anterior and posterior canals, that are 
innervated by afferents coursing in the superior and inferior division of the vestibular nerve 
respectively- divisions that can be affected by the condition differentially. 
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A3.7 A COMPARISON OF SEARCH COILS AND VidEyeO 
Of the measurement systems capable of acquiring torsional eye position data, two were 
available and could have been used for this study of the human response to maintained 
surface galvanic vestibular stimulation. A comparison of these two systems was conducted 
in order to choose the most suitable method. 
DUAL SCLERAL SEARCH COILS (COILS) 
This technique was introduced by Robinson in 1963 and remains a popular technique in the 
laboratory. In this system, orthogonal alternating magnetic fields are induced by a cubic 
array of transmitter coils about the subject's head. A flexible annular silicone contact lens 
that adheres to the subject's eye by suction has, embedded within it, two receiver coils of 
fine wire. One of these coils is wound in the frontal plane or around the edge of the 
contact lens, while the other is wound in a figure 8, around the inner and outer edge of the 
annulus such that its effective projection is in the sagittal plane. Electric current induced in 
the first of these coils by the transmitter fields is decoded into analogue voltages that are 
proportional to the sine of the horizontal and vertical eye positions. The second, or 
torsional coil voltages, are decoded and mathematically manipulated to infer torsional eye 
position. 
Advantages: 
Simultaneous measurement of horizontal, vertical and torsional eye position is possible. 
Coils are highly linear and capable of accurate measures over a large range of eye 
positions. 
Coils have a high temporal resolution of~ 1000 Hz that enables calculation of the velocity 
of eye movement and permits recording during high velocity-movements such as those 
during the fast phase of nystagmus or saccades. 
Disadvantages: 
Coil slippage relative to the eye, especially in torsion, can confound measures taken over 
long periods. Blinks are thought to aggravate this slippage since the movement of eyelids 
can act to pull on the wire leads that connect to the coil. Exact measures of maintained 
torsional position cannot be obtained with confidence without using sutured or surgically 
implanted coils. 
Coils testing time is limited to 40 minutes in order to protect subjects from excessive 
discomfort and damage to the surface ofthe eye (corneal abrasions). 
Coils are expensive since new contact lenses are often used for each subject and are easily 
destroyed during the procedure. 
The quasi-invasive nature of coil insertion limits their use in clinical settings. 
Medical qualification and a good deal of expertise are required to insert and remove coils 
with confidence and to administer various drugs to the eyes. 
VIDEO ANALYSIS SYSTEM (VidEyeO). 
Advantages: 
VidEyeO also acquires simultaneous measures of horizontal, vertical and torsional eye 
position. 
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This system is highly linear if geometric compensation algorithms are used to correct the 
problems of distortion due to the projection of the image of a three-dimensional object 
(eye) onto a flat plane (CCD). 
VidEyeO is less invasive, requiring the use of just one drug, a pupil constrictor, which has 
been shown in previous experiments to have little effect on eye movements. 
The system can be used by non-medically qualified personnel and on a broader range of 
subjects and patients. 
VidEyeO is much cheaper to run per subject than coils, and session times are limited only 
by subjects' stamina or comfort, while pupil constriction is maintained for long periods. 
Disadvantages: 
VidEyeO has a low temporal resolution of 25 to 30 Hz in its present form and therefore 
cannot accurately measure fast-phase eye velocity during saccades or ballistic eye 
movements. This disadvantage does not affect the present study because only eye position 
and slow phase eye velocity are assessed. In practice coils data would be sub-sampled 
(after desaccading) to similar rates for analysis in order to limit the volume of data 
produced during long duration tests (10 minutes +). 
COMPARISON 
The most significant difference between the two methods for the measurement of torsional 
eye position over long periods of hundreds of seconds is that of stability. The coils system 
has advantages over video for the measurement of brief and rapid eye-movement 
responses. However, coil slippage of the kind described in the section on VidEyeO 
validation would easily overwhelm the size of the maintained torsional eye position 
responses expected in this study and so for this, and other reasons described above, 
VidEyeO was deemed the most suitable method. 
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Figure A3.16 Raw data traces using search co1ls show that Torsional eye position 
(blue) fails to return to baseline after a series of chair velocities (red trace) -
suggesting coil slip 
An investigation using the search coil and VidEyeO systems was conducted in order to 
compare these advantages I disadvantages. Figure A3.16 shows that plots of torsion 
position measured using the coils system during tests on a human centrifuge do not return 
to baseline after a series of chair velocities. The difference between torsional position at o· 
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per second velocity before and after test runs is large (~5·) in all three runs. These 
differences are not evident in the VidE yeO plots of torsional eye position. The most likely 
explanation of these baseline changes based on this investigation and on previous studies 
(Curthoys, personal communication) is artefact due to coil slippage. 
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A3.8 VTMNIDEYEO CALIBRATION AND VALIDATION 
The video eye-movement analysis system used in this project has evolved continuously 
over more than 12 years. The software has developed through 11 different versions, 
written in six programming languages run under seven different operating systems. There 
have also been regular changes of the hardware to take advantage of technological 
development: including 10 different cameras, on 9 different headsets, connected to 10 
different interfaces, in 12 different computers. 
These developments have produced a system that is faster, cheaper, more accurate, more 
comfortable, and simpler to use. The danger of this continuous development was from the 
inadvertent introduction of software bugs and hardware artefacts that would undo the 
careful calibration and validation of previous versions. To avoid this problem a regime of 
meticulous and continuous calibration and validation measures was performed during the 
systems modification and at the insistence of Prof. Curthoys. Some of the results of these 
methods for calibration and validation are presented here. 
SIGN CONVENTION CHECKS 
The simplest kind of validation test of the video eye movement recording system 
establishes the conventions of data generated by intentionally producing eye movements in 
known directions and comparing the signs of file data. For example, a normal subject can 
be asked to fixate the point directly in front of them while they perform head movements 
that generate compensatory eye movements in predictable directions. If a subject moves 
their head in yaw, towards their right shoulder then their eyes move towards their left 
shoulder and their horizontal eye position change should be positive. If a subject pitches 
their head up then their eyes move down and their vertical eye position change should be 
positive. If a subject roll tilts their head left ear down then their torsional eye position will 
counter-roll, with top pole of the eye towards their right shoulder, and their torsional eye 
position change should again be positive. Although this kind of test of sign convention is 
simple to perform it is not as trivial as it sounds, because there are various reversals in the 
orientation of the image of the eye produced by different arrangements of cameras and hot 
mirrors. 
GIMBAL CALffiRA TION MEASURES 
Various in vitro calibration procedures were also used to validate the various versions of 
the video eye movement analysis system. Mechanical model 'eyes' that can be moved 
through known angles of horizontal, vertical and torsional rotation (gimbal) were used to 
provide video images during these test sessions. 
An example of the results of these procedures (performed by Agatha Brizuela) is shown for 
VTM 5. Fifty torsion measurements were taken from the gimbal 'eye' position at 1° 
intervals over a ±12° range and results plotted in figure A3.17. The accuracy ofVTM 5 is 
well within the error expected in settings of the gimbal (by a protractor) such that an 
extremely linear plot was produced. By 'zooming in' on the measures taken at a particular 
position it can be seen that measures of the stationary ' eye' vary within a tiny ±0.1 ° of 
torsion. This system demonstrated a high spatial accuracy (in vitro) of just ±6 minutes of 
arc. 
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Figure A3.17 Raw gimbal calibration measures from VTM 5 showing a high spatial 
accuracy (in vitro) of well within ±0.1· of torsion. 
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These methods were further refined and improved by the construction of a series of more 
accurate mechanical gimbals and are particularly crucial for the assessment of the effect of 
various implementations of the geometric compensation algorithms described earlier. 
Images (below) obtained during one comparison between torsional measurements using 
polar cross correlation with (left) and without (right) the geometric compensation 
algorithms enabled highlight the problems from distortion for systems without correction. 
Figure A3.18 Images of an artificial eye mounted on a gimbal at extreme 25 vertical 
and horizontal position. 
Figure A3.18 shows images of an artificial eye mounted on a gimbal and moved to an 
extreme of 25• vertical and horizontal position. The left image shows that the 
compensated arc for sampling of the iral signature is projected onto the correct part of the 
' iris' . The right-hand image shows that part of an arc that has simply been translated to 
follow the pupil centre (uncompensated) no longer projects onto the eye let alone the 
correct part of the iris. 
APPENDIX A3: Development of the Eye-Movement Analysis Systems 
<ao- GC On 
350-
-300-
250-
2110-
·150-
·100-
50-J 0  __ ___ _ ____, __ 
50-
100-
150-
200-
250-
MO-
350-
H 
v 
I 
•oo~& sO ,a, 1So 200 25o D :BJ 400 .SO 'iOO s5o GOO &5o 100 
-
. 
. . 
400-
1'10· 
MO-
250-
li)0-
150-
100-
GCOII 
1 50- -
t 00·--- - ... ---
·50- -
100-
150-
200-
·250-
M0-
·150-
H • • • 
v 
t ••• 
- --
-
-4DO·o sa ,oo ,5o 200 25o m JSo ..m .~ 500 s5o aXJ ra, m, 
-
Figure A3.19 A comparison of calibration measures from VidEyeO 5 with Geometric 
Compensation On (left) and Off (right}. 
A86 
Figure A3.19 shows the effect on torsion position, from moving the calibration gimbal 
diagonally through increments of five degrees horizontal and vertical, with geometric 
compensation enabled (left) and disabled (right). With geometric compensation disabled 
large errors in torsion position are evident, and at extreme values the polar cross-
correlation method breaks down completely by matching inappropriate parts of the iral 
signature. 
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EFFECT OF GEOMETRIC COMPENSATION ON REAL DATA 
The effect of the geometric compensation algorithms can also be assessed using real in-
vivo data by modifying the software to simultaneously process torsional eye position using 
both geometrically compensated and uncompensated methods, and comparing the resulting 
eye movement data. 
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Figure A3.21 A comparison of raw data traces from VidEyeO 5 with Geometric 
Compensation On {left) and Off (right). 
Figure A3.21 shows a comparison of data generated using geometrically compensated and 
uncompensated methods to process the eye-movement response during a single 
presentation of maintained surface GVS with electrodes placed anode right cathode left. 
The arrows indicate changes in vertical (left arrow) and horizontal (right arrow) eye 
position. In the left, geometrically compensated, dataset these changes have no effect on 
the maintained torsion position response. In the right, uncompensated, dataset these 
changes are associated with shifts in torsional position that are probably artefactual. 
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TEST I RE-TEST RELIABILITY 
Another kind of validation procedure used to test the various versions of the video eye-
movement analysis system employed the ability to replay eye-movement responses from 
videotape. 
This was useful to check that the analysis was stable, reliable and produced the same 
output from the same input. This should be true regardless of whether the eye movements 
were acquired from live video feed (real time acquisition from the video camera on a 
subject, during a test); from the SVHS videocassette recordings ofthat test session; or from 
replaying the cassette on subsequent occasions. Absolutely no detectable difference in 
data plots acquired in these ways was evident other than the small baseline shifts that result 
from choosing a different video frame as a baseline of the reference image. These 
differences in baseline are cancelled during the analysis of results for mean deviation in 
torsional eye position (or OCR magnitude) by subtracting average baseline measures over 
the first two minutes from all data (normalising). Comparison between multiple 
acquisition sessions from the same videocassette also revealed no differences between 
processing runs and thus the high accuracy and reliability of the system. 
VTMNidEyeO VERSION COMPARISONS 
Another validation procedure that can be accomplished using the long-term storage of eye-
movement responses on videocassette is the comparison between the data output by 
various versions of the eye-movement analysis system from the same videocassette. 
An SVHS video tape recording of an entire test session was reprocessed using VTMS 2.1, 
VTMS 5 and VidEyeO 6. Plots of torsional eye position against time during a BTM, REO 
centrifuge run consisting of 2 minutes at 0°/s, an acceleration of 5°/s/s to 172°/s, a constant 
172°/s for 4 minutes, a deceleration of 5°/s/s to rest, and 4 minutes more at 0°/s reproduced 
in figure A3.22. The three plots, from identical video images but very different processing 
systems, are very similar. 
There have however been some interesting differences between the datasets produced by 
different versions, such as: 
A) A sign reversal: the VTM 2 system was written for a frontal camera position such that 
images which are acquired using the new head set are reflected (in the 'hot mirrors') about 
a vertical axis. This reflection produces torsional data that is reversed in sign from the 
veridical eye position (The VTM 2 plot has its y-axis reversed to facilitate a comparison). 
B) Temporal resolution: the VTM 2.1 system has nearly three times as many data points 
(measures of torsion) since this version was primarily concerned with speed. VTMS 5 was 
adjusted for use in this study of static OCR for maximum accuracy by increasing the 
amount of data acquired for each iral signature from an arc of 512 pixel values in VTMS 2 
to an annulus of 2880 pixels (720 pixels diameter x 4 pixels width). This extra data 
processing rendered the system slower but much more robust (both x scales were matched 
for sample time for the purpose of this comparison). 
C) Artefact: One obvious difference in accuracy is evident in the plot comparison due to 
clipping (or shifting of extreme values caused by exceeding a system's range) of torsional 
eye position measures from sample numbers 200 - 800 by VTMS 2. This clipping was 
presumably produced by an incorrectly matched peak in cross-correlation processing at 
extreme torsional positions by a much less sensitive system. 
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D) Signal to noise ratio: The YTMS 5 plot is much ' cleaner' , presumably because 
artefactual values such as those produced during blinks are correctly rejected by this 
system. Raw data of this kind can be used without requiring a 'step through' analysis of 
each of thousands of image processing cycles to exclude 'dummy' values. Such a ' step-
through' was often required by the previous version using non-arbitrary criteria such as 
cross-correlation pattern, pupil area or coherence of horizontal/vertical high position 
values. 
The high level of similarities between plots produced by various versions of the eye 
movement analysis system is most important because the old VTMS versions have been 
validated using a number of in vivo and in vitro techniques and have been accepted and 
extensively documented in the literature (Haslwanter et al. , 1995; Moore et al. , 1994, 
1996). 
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Figure A3.22 A high level of similarity between plots produced by VTM 2 (left), VTM 5 
(centre) and VidEyeO 6 (nght) versions of the eye movement analysis system. 
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VALIDATION BY COMPARISON WITH OTHER METHODS 
A particularly powerful and convincing method of validation for any measurement system 
is the direct comparison of data produced with other different methods. 
COMPARISON OF PHOTOGRAPHIC AND VIDEO SYSTEMS 
Early versions of the VTM system were validated using simultaneous measures of 
torsional eye position with a 35rnm photographic technique (Curthoys et al., 1992). This 
comparison showed a close correspondence between torsion measured by VTM 1 and by 
the painstaking superimposition of individual photographs taken of the same eye during 
torsional ocular counter-roll responses. 
COMPARISON OF SEARCH COILS AND VIDEO SYSTEMS 
Versions of the VTM system were also validated using simultaneous measures oftorsional 
eye position using scleral search coils on, and video images from the same eye during 
torsional ocular counter-roll responses. A comparison of the torsional eye position data 
produced by these two methods showed a high level of similarity between video measures 
and those from the 'gold standard' coils. This comparison convinced many in the 
scientific community that video methods were a serious alternative for eye position 
measurement. It is interesting that modem video eye movement analysis systems have 
been used to assess the validity of coils data and have revealed disadvantages of the 'gold 
standard', including artefacts from coil slippage (especially during blinks) and from the 
inertial and mechanical interference of normal eye-movement responses (Stahl, van 
Alphen, & DeZeeuw, 2000). 
COMPARISON OF POLAR CROSS-CORRELATION AND PATTERN MATCHING 
A new comparison of methods used for the validation of VidE yeO produced simultaneous 
measures of torsion using the same images and video acquisition system but very different 
algorithms for measuring torsion position. A version of VidE yeO was modified such that 
each image was fust processed using polar cross correlation and then processed again 
using a brute-force pattern-matching technique. This pattern matching was very 
computationally intensive and was restricted to a resolution of one degree. Despite the 
limits of this pattern-matching technique, the similarity of the torsional eye position 
measures it generates provides another validation of the polar cross-correlation methods 
used in this study. 
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Figure A3.23 A comparison of torsion measurement using Polar Cross Correlation 
(blue) and Pattern Matching (red) 
POLAR CROSS-CORRELATION AND MANUAL LANDMARK TRACKING 
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Another video image based method used for the validation of VidEyeO used the 
comparison of data produced by the polar cross correlation methods and by manual 
landmark tracking. A version of VidEyeO was modified such that each image was, again, 
first processed using polar cross correlation and then using manual landmark tracking. 
This second method was a kind of computer-assisted version of the photographic technique 
described earlier, in that the pupil centre for each image was calculated using the centre-of-
mass algorithm and then the operator was required to manually select the location of a 
prominent landmark using a pointer. The computer then calculated the orientation of the 
line between the centre of the pupil and the landmark to assess torsional position change. 
This method produced noisy, low temporal resolution data but provided another validation 
for the polar cross correlation method. This version of VidEyeO also provided an 
emergency method for processed images that were too poor for automated image analysis 
(it also provided new respect for those with the patience to painstakingly process data 
using manual photographic methods e.g. Diamond et al., 1979). 
VALIDATION OF VELOCITY CALCULATION 
Video-image-based validation techniques such as those described above were also 
particularly useful in the validation of the new functionality of VidEyeO such as the 
calculation of the slow phase velocity (SPV) of eye-movement responses. This project 
employed new methods capable of converting position data to velocities despite a low 
spatial resolution (25 to 30 Hz) and variable sample rate (missing data during blinks or 
frames 'dropped' when the computer is busy 'housekeeping' ). This conversion to velocity 
was validated by another modified version of VidEyeO with computer assisted and manual 
velocity assessment. This program allows the user to take a data set (like Figure A 3.24 
left) and magnify a small portion so that individual beats of nystagmus are visible (Figure 
A 3.24 right). The operator then used a pointer to select data points at the beginning and 
end of a slow phase eye movement. The computer calculated the velocity (change in 
position over change in time) between these points and compared it with the automatic 
calculation of velocity during that time. 
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Figure A3.24 Validation of the calculation of slow phase velocity by magnifying a data 
set like the one shown in the left-hand panel, so that individual beats of nystagmus 
were visible (right-hand panel), and SPV could be validated manually. 
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VALIDATION BY ERROR ASSESSMENT. 
Another powerful way to assess the validity of any measurement system is to intentionally 
introduce errors of various kinds and to various degrees in order to assess the sensitivity of 
the system to errors that will be encountered 'naturally'. 
We began this kind of testing with a series of numerical stimulations that sought to assess 
the magnitude of the errors that could be expected to result from the failure to meet various 
assumptions embedded in the VTM software. These numerical simulations were used to 
validate various methods for geometric compensation such as a comparison of central and 
autographed projections. The simulations also predicted the inaccuracies in eye movement 
measurement produced by: translation of the eyeball, errors in calculation of the pupil 
centre, optical distortion by the cornea, discrepancy between the optic and visual axes, and 
relative rotation of the camera-fixed and head-fixed coordinate systems. The results of 
these numerical simulations highlighted those areas of the systems design which were most 
likely to cause problems and which needed most intensive development. 
The most significant torsional errors (of up to 10°) were produced by a lack of geometric 
compensation (Moore et al., 1996) and so the algorithms for correcting this problem have 
been given much attention. The second most significant source of error was from the 
accuracy of pupil centre calculation (up to 2°) and so the use of more accurate but 
computationally intensive procedures such as the centre-of-mass algorithm is well 
justified. The system is considerably more sensitive to a torsional offset of the camera 
(that can produce significant torsional error if not compensated for) than to horizontal or 
vertical offsets which produced little effect for angles up to five degrees. Torsional offsets 
of the camera are much more likely to produce errors than horizontal or vertical offsets of 
the camera. Deviations of the eye from ideal ball-and-socket behaviour, and refractive 
properties of the cornea, were found to produce little eye-movement error. 
Extensive testing of the VidEyeO system was also performed by modifying the software 
such that a single standard image was repeatedly loaded from file as both the reference 
image and the test image. Under normal circumstances, this process would produce ideal 
torsional data of zero magnitude because the reference and test iral signatures are identical. 
This version ofVidEyeO could then be manipulated to intentionally introduce errors in the 
horizontal and vertical pupil position, in the radius of the iral-signature annulus, and in the 
threshold for the bitmap conversion used to isolate the pupil. These various manipulations 
are depicted in the series of images in Figure A3.25. 
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Figure A3.25 The top left panel shows the horizontal offset of the test iral signature 
annulus (from the red position to the blue position) relative to the reference iral 
signature annulus (green) . The bottom left panel shows the vertical offset of the test 
iral signature annulus. The top right panel shows the manipulation of radius of the test 
iral signature annuli (from the red radius to the blue radius). The bottom right panel 
shows the adjustment of the threshold level for isolation of the pupil (from the red 
threshold level to the blue threshold level}. 
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The degree to which the measurement of torsional eye position is affected by these various 
manipulations is represented in Figure A3.26 as graphs oftorsional position (which should 
be zero throughout) against the magnitude of the parameter that is being adjusted. In each 
case, the horizontal red line represents zero torsion (or no error produced), and the vertical 
line indicates where the parameter is identical for reference and test image (no difference 
in the parameter should produce no error in torsional measurement). 
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Figure A3 26 Shows the magnitude of torsional eye position (y-axis) against the 
magnitude of each of the variables being systematically modified (x-axes). 
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Figure A3.26 shows that for this particular image (pattern of ira) striations) the system is 
fairly sensitive to errors in horizontal position (top right panel). A centre for the ira) 
signature that is displaced by only a few pixels starts to produce errors in torsional 
position. At more than about five pixels displacement the torsion errors become large and 
chaotic due to an inappropriate cross correlation match of non-corresponding peaks. The 
system is a bit less sensitive to displacement of the iral signature in the vertical direction 
(bottom right panel) although this varies with different striation patterns. The system is 
fairly insensitive to dilation of the test iral signature, such that radii that are different by 
tens of pixels still produced relatively accurate measures of torsion position (top right 
panel). 
The system is particularly insensitive to variations in the threshold level of the bitmap 
conversion for isolation of the pupil, such that only extreme values that fail to separate 
pupil from shadows and other dark landmarks cause errors in torsional position (bottom 
right panel). The system is also particularly insensitive to changes in the hardware 
acquisition parameters such as white level voltage and black level voltage (brightness and 
contrast) because overall DC changes in the grey levels of the iral signature are removed 
by a 3 Hz high pass filter. This test revealed that it was possible to dynamically or 
manually adjust the brightness and contrast of images even during the processing of a 
particular test session. This adjustment is particularly useful because it helps to tune the 
system to isolate the pupil from shadows encountered at extreme angles of gaze, and to 
compensate for changes in lighting such as those caused by accidentally moving the 
infrared light sources during a test. 
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TORSION ERRORS PRODUCED BY PUPIL DILATION. 
A particularly important issue to be addressed by any attempt to validate 3-D eye 
movement analysis system such as VidEyeO is the assessment of the effect of pupil 
dilation on the measurement of eye position. Pupil dilation is a major source of concern 
because it results in movement of the pupillary and irallandmarks (striations) that are used 
to assess eye movement and assumed to be stationary with respect to the eye. VTM and 
VidEyeO are particularly accurate eye movement analysis systems, partly because of the 
use of a pupil constrictor (Pilocarpine Nitrate, Chauvin Pharmaceuticals, UK) to stabilize 
and prevent fluctuations in pupil size and movement of iral landmarks. The benefits of the 
pupil constriction method are all too well demonstrated on those rare occasions when the 
pupil constrictor has not yet taken full affect by the beginning of the test (normally 
established by testing the reflexive response to variations in incident light) or wears off 
before the end of the test (usually due to inadequate administration). Figure A3.27 shows 
an example of the former case where a pupil is beginning to recover from the effects of 
constriction and has dilated to some extent. 
PUPIL SMALL PUPIL LARGE 
Figure A3.27 Video images at the beginning (left) and end (right) of a test session 
show that this subject's pupil 1s beginning to recover from the effects of constriction 
and has dilated to some extent. 
Figure A3.28 shows an example of data from the latter case of continued pupil constriction 
after the beginning of the test and shows a strong correlation between changes in pupil area 
(red) and the torsion position (black) response during centrifugation. This is a particularly 
good example because of the comparison between the torsional responses of the two eyes 
(which would normally be conjugate). The left-hand plot shows the normal transient 
centred torsion and maintained ocular counter-roll responses (black) to this stimulus and 
the return to baseline torsional position by the end of the test. The right-hand plot shows a 
baseline drift in torsion position measurements that is highly correlated with the area of the 
slowly constricting pupil (red). 
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Figure A3 28 Raw data traces showing a strong correlation between torsion position 
(black) and relative pupil area (red). 
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The main reason for this influence of pupil diameter on the measurement of torsional eye 
position is graphically illustrated using the following schematic diagrams (Figure A3.29). 
The left-hand figure shows that different landmarks (black lines) on different parts of the 
iris move radially in and out relative to the iral signature annulus (red). This produces iral 
signatures (blue) that appear to be offset from one another and corresponding errors in the 
calculation of torsion position. Most video eye movement analysis systems that do not use 
pupil constriction attempt to compensate for this effect by dilating the radius of the iral 
signature annulus in response to the dilation of the pupil. This compensation method is 
depicted in the right-hand panel and works well if landmarks move in a purely radial 
fashion during changes in the pupil size. 
UNDILATED ANNULUS DILATED ANNULUS 
Figure A3.29 A schematic representation of the possible errors produced by pupil 
dilation using a fixed radius annulus (left) and a dilating annulus (right) 
In our experience, this assumption of purely radial dilation is not satisfied in many cases. 
There are marked individual differences in the way in which irallandmarks move during 
pupil dilation with some subjects showing a mixed radial/rotational dilation pattern that is 
reminiscent of the movement of the vanes of a mechanical camera iris. 
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Figure A3.30. A schematic diagram of a mechanical camera iris. 
The effect of this mixed radial/rotational dilation pattern on the iral signature and 
calculation of torsion is illustrated using the schematic diagrams in Figure A3.31. In the 
left-hand panel, purely radial dilation of the iral landmarks produces no offset in the 
pattern of the idealised iral signatures (sampled around the red circle and displayed in blue) 
despite a lack of compensation by dilation of the annulus. The right-hand panel shows 
how iral patterns which move in a mixed radial/rotational manner can produce offsets in 
the iral signature pattern that are interpreted as torsional eye movement. The bottom panel 
shows that compensation by dilation of the iral signature annulus improves but does not 
remove this source of error. 
PERFECTLY RADIAL STRIATIONS NON RADIAL STRIATIONS 
DILATING ANNULUS 
Figure A3.31 Schematic diagrams of the effect of purely radial (left), mixed 
radial/rotational dilation (right), and partial correction by annulus dilation (bottom). 
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HORJZONT ALAND VERTICAL ERRORS PRODUCED BY PUPIL DILATION. 
Pupil dilation also has the potential to produce errors in the measurement of horizontal and 
vertical eye position. The left-hand panel of the schematic diagram in Figure A3.32 
depicts the errors that could be produced by a displacement of the visual axis (green dot) 
and the centre of gravity of the pupil (red cross). An error in the calculation of horizontal 
and vertical eye position based on centre of mass algorithms would follow from the pupil 
dilation of a subject who is not 'looking through' the centre of their pupil. The right-hand 
panel of Figure A3.32 represents the errors in horizontal and vertical eye position that 
might be produced by the non-uniform dilation of pupils that is exhibited by some subjects. 
DILATION NOT AROUND OPTIC AXIS DILATION NOT UNIFORM 
Figure A3.32 Errors in the calculation of H and V eye position from a displacement of 
the visual ax1s (left) and from the non-uniform dilation (right) 
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TESTS USING INTENTIONAL SYSTEMATIC MODULATION OF PUPIL AREA. 
The intentional modulation of unconstricted pupil area by the manipulating of the intensity 
of ambient lighting can provide a powerful tool in the assessment of the interaction of 
pupil dilation and torsional position measurement error. The following plot of correlation 
torsional position against pupil area shows data that was obtained from a subject, with 
unconstricted pupils, during the sinusoidal oscillation of ambient visible light intensity. 
The subjects fixated a central point to suppress voluntary horizontal and vertical eye 
movements and was physically supported to prevent head or body movements that might 
produce reflexive eye movement responses such as those from the VOR. This strong 
correlation between torsion position and pupil area is not perfect because there are other 
sources of drive modulating pupil area other than the ambient lighting level and other 
sources of torsional position variability. Outlying points (top left) are produced by partial 
pupil occlusion (reduces pupil area) during blinks when the centre of mass algorithm and 
polar cross correlation methods break down. 
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Figure A3.33 a Scatter plot of data for one subject in a single test session shows a 
strong correlation between measures of torsional eye position and pupil area. 
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A better way to assess the interaction of pupil dilation and the errors in the measurement of 
eye position is by using frequency analysis to separate the effect of pupil dilation from the 
other sources of variability. Figure A3 .34 shows the horizontal position, vertical position, 
pupil area, and torsional position measurements taken during the 1 Hz sinusoidal 
modulation of ambient lighting level described earlier. The power spectra show the 
relative response at various frequencies. There is unsurprisingly a large peak around 1 Hz 
in the pupil area response, showing the strong influence of the ambient lighting level. 
Although the horizontal trace appears at first glance to show some oscillation, the power 
spectrum shows that this is not systematic, nor is it related to the 1 Hz oscillation of pupil 
area. The vertical trace also appears to be affected by the pupil area oscillation but again 
this similarity is merely coincidental. The torsional position trace shows a strong peak in 
the power spectrum at 1 Hz and shows that the variation in torsional eye position is 
synchronized with the isolation of pupil area such that a decrease (constriction) is 
associated with positive torsion position change and an increase (dilation) is associated 
with negative torsion position change. 
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Figure A3.34 The raw data traces {left) and power spectra derived from each (right) 
show a strong influence of the intensity of ambient illumination on Pupil Area, some 
influence on T Pos, but little influence on H Pos or V Pos. 
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This is a significant result and has a number of important implications. The interaction of 
pupil area and torsion position error validates the use of a pupil constrictor for the 
stabilisation of pupil size for the accurate measurement of torsional eye position. This 
result suggests that there may be problems with the accuracy of video eye movement 
analysis systems that do not use pupil constriction. The direction and magnitude of the 
effect of pupil area on torsion position is variable from subject to subject and therefore 
cannot easily be compensated for using mathematical correction algorithms. 
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A lack of interaction between pupil area and horizontal/vertical posthon error also 
validates the use of H and V only versions of VidE yeO used for perceptual testing without 
the use of a pupil constriction that might affect visual acuity. 
Validation of the accuracy of horizontal and vertical eye position measurement without 
pupil constriction was particularly significant to the development of a special version of 
VidEyeO used for the assessment of small vergence eye movements. This is because the 
study of the errors in vergence during changes in fixation required an extremely accurate 
measurement system with synchronized acquisition of both eyes to calculate the small 
differences in gaze at various depths. Any small errors in the horizontal position 
measurement of either eye would produce large errors in the calculation of the depth of 
vergence and would overwhelm the size of the effects in question. Another reason why 
this validation was particularly important to the development of the vergence measurement 
system was because pupil dilation is commonly correlated with vergence eye position and 
has the potential to produce artefacts. 
Figure A3.35 shows the remarkably conjugate and synchronized (unconstricted) pupil-area 
traces from the two eyes and a lack of systematic interaction with horizontal and vertical 
vergence position. 
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Figure A3.35.Synchronised raw data traces of Pupil area (A 1 and A2) for left and right 
eyes show little interaction with H Vergence and V Vergence positions. 
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A3.9 VidEyeO EQUIPMENT INSTRUCTIONS 
VidE yeO: 
Video Eye Movement Analysis System 
Instruction Book 
University of Sydney 
Hamish G. MacDougall, Laura E. Mezey, lan S. Curthoys. 
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2002-2003 
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Processing Eye Movement Videos for H, V and Torsion 
The processing program is a LabView program called VidEyeO n.llb (n is latest version number) 
Double click this icon to begin and the front panel, shawn left, should appear. 
Run the master control vi by pressing the arrow in the control bar. 
Test details can be entered using 'Set Test Details'. Eg name of subject, 
date, any notes. These details will appear as a header in the file before the 
data. You do not have to fill these in. 
First task is to 'adjust the card parameters' in order to 
obtain an image of the iris optimal for processing torsion. 
MAKE SURE THE VIDEO IS PLAYING BEFORE 
PRESSING 'ADJUST CARD PARAMETERS' 
OTHERWISE AN ERROR MESSAGE WILL OCCUR. 
After clicking on adjust card parameters, a window with the 
video image appears along with a windcrw for adjusting the 
black and white levels of the image, shawn right. Both 
scales need to be adjusted in order to obtain an image of 
the iris that is neither too high or too low m brightness or 
contrast. See next page 
Trouble shooting!! 
If the video is playing, but no image of the eye appears vvtlen 'adjust card parameters' is pressed it may be 
that the video processing interface needs to be changed. Videos recorded at the hospital are in the PAL 
format. Videos recorded at the university are in the NTSC format. Make sure that the computer is set up to 
process the appropriate type of video. To change between the two types of video double click the 
'Measurement and AutomatiOn' icon on the desktop. Then click on 'Devices and Interfaces'. Then click on 
'IMAQ PCI-1407· imgO' Then right click on 'Channel 0' Click on camera which can then be changed between 
PAL and NTSC (as well as other options). This settmg is saved automatically and does not need to be saved 
separately. 
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Adjusting card parameters 
This image has about the right amount of contrast for getting a good iral signature, 
as well as making it easy for the pupil to be d1st1ngu1shed as there are no other 
areas of solid black in the image, apart from the pupil 
When the appropriate levels have been found it is a good idea to write them down 
(to save time if the computer crashes and you need to start processing agam). 
Press OK once done. 
Both of these images 
are too high in contrast. 
The one on the left IS too 
light and will produce a 
very poor iral signature, 
although there will be no 
problems in capturing 
the pupil (see next 
stage). 
The one on the right is 
too dark and will make it 
hard for the pupil to be 
effectively extracted 
from the other dark 
areas in the image. 
Bad 
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H and V calibration 
Make sure you are at the appropriate place in the video and that the video is playing. Press the 'H and V 
calibration' button. This bnngs up a polarised image ofthe eye video. 
AdJust the 'threshold range' until the pupil is easily distinguished 
from other white areas in the image. The pupil should be as solid 
white as possible, but the box that 1s fitted around the pupil should 
not jump away from the pupil to other areas in the image. The 
process of pupil capturing works by finding the largest area of 
white in the image that does not make contact with the edges of 
the window The threshold range is most easily adjusted by 
grabbing the sliding button and moving this, rather than with the 
arro\NS at either end of the scale. 
The program w~l ask for two calibration points in tum. 
Press OK for each point when you can see that eye is 
fixated (ie relatively stable) at each of the fixation points. 
It is important to talk through the calibration process on 
the video so you know when the eye is looking centrally 
and VYtlen peripherally to help you process the data 
afterwards. 
When this has been done the visual angle between these 
two points is requested. Work this out in advance so that 
you are ready to enter it. Press OK. 
NB. The threshold range may need to be adjusted slightly when 
the eye is looking at the peripheral calibration point This is not 
a problem. The threshold setting can be adjusted at any time 
during the experiment to maintain proper capture of the pupil. 
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Getting the reference iral signature for torsional eye position 
The iral signature should be obtained wtlile the eye is fixating a central fixation light 
When the eye is back at the centre, press 'T calibration'. This will grab one frame of video and the iral signature 
is extracted from the image in this frame 
When 'T calibration' is pressed, 3 new wmdows will appear and should look something like this. These windows 
can be dragged around the desktop so that they can all be seen clearly. 
If the subject happened to be blinking or 
looking away from the centre when the 'T 
calibration' button was pressed then a new 
frame can be grabbed by pressing the 
'new image' button. This can be pressed 
as many times as necessary. 
Because the iral signature 1s extracted 
from just one frame, it not necessary to 
keep the video running while fitting the iral 
signature. Once a suitable frame has 
been captured the video can be paused, 
or stopped, while the fitting is done, 
without causing any problems 
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Getting the reference iral signature for torsional eye position 2 
A good ira! signature will have a clear peak in the cross correlation window. The 
magnitude of this cross correlation peak may vary greatly between different eyes and 
so the scale of cross correlation window may need to be adjusted between subjects. 
The scale along theY axis of this window can be adjusted directly by double clicking 
on the maximum and/or minimum values and entering a new value 
The threshold value can be readjusted if necessary at any time to make sure the 
pupil is being prope~y captured. 
The ira! signature is obtained by taking a grey scale reading at points along the 
circumference of a circle fitted at a certain distance (radius) from the centre of the 
pup~ 
The ira! signature is positioned at a radius of approx. 1 00 units by default. The 
radius of this circle can be adjusted by grabbing the vertical marker and moving 
it up and down the radius scale, or by using the arrows at either end of the 
scale to make unitary adjustments. 
The radius should not generally be adjusted to values lower than 100. The best 
cross correlation should be obtained by both looking at the iris to locate by eye 
the best landmarks to put the circle through, and by trial and error of adjusting 
the radius of the circle to see where the best cross correlation (CC) occurs. 
If there is an obvious landmark in the 1ris eg a blob!, it is best to make sure the 
circle goes through the middle of this landmark, rather than clipping an edge, 
otherwise small changes in the pupil size during the recording session may 
cause this landmark to be lost from under the circumference, changing the CC. 
If a subject's lids drooped at all during the experiment, th1s needs to be taken 
into consideratiOn when fitting the circle. You do not want to fit a circle with a 
large radius where the lid will interrupt the iral signature as this will greatly 
reduce the cross correlation. 
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Getting the iral signature for torsional eye position 3 
Examples of bad cross correlations: 
Positive shoulders Negative shoulders 
Good cross correlations have: 
1) A narrow peak 
2) No shoulders, positive or negative, around the peak 
3) Little 'noise' around the peak, ie as flat as possible apart from the peak. 
ThiS IS an example of a good cross correlation 
When you are happy With the cross correlation press OK 
Ideal cross correlation 
Too much noise 
You can adjust the scales 
of both the x- and y-axes 
ofthe cross correlation in 
order to see the 
waveform in more detail if 
necessary. 
Broad peak 
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Processing 
When the H, V and T calibrations have been done, everything is ready for processing the tape. 
Start playing the video again (if you stopped it while doing the T calibration). 
Press the 'Track H, V and T' button and a window will come up showing eye movements in the three dimensions 
and all the settings made during calibration. · 
The eye movement traces will appear in the black window. 
When you have reached the end of a recording session, press 
SAVE and enter a filename. 
Press stop if you want to stop recording without saving any data. 
NB All the calibration settings for H, V and Twill be remembered 
by the program as long as the vi is left running. So, if you want to 
stop and re-start processing the tape for some reason, as long as 
you have left the vi running and not closed LabView you do not 
need to do all the calibrations again. 
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Most controls on this panel can be 
left as they are during processing. 
When starting processing, the pupil 
area will appear in yellow and 'pk' in 
another colour. If you do not want to 
see these traces, right click on the 
coloured dots in the legend and 
change the colour to 'T' for 
transparent. 
Flags: by pressmg one of the white 
boxes under 'flags' during processing, 
a number wUI be recorded in the 'flag' 
column of the data file. Any 
combination of button states can be 
extracted from the data. Ask someone 
to explain! 
The threshold can be 
adjusted during processing. 
Do not adjust the radius 
during processing. 
Fine tuning bits and bobs 
Best not to adjust the black and 
white scales during processing. 
If the torsion trace gets very noisy during 
a recording it can sometimes help to 
take a new iraf signature by pressing 
'reset iral sig' This takes an 
instantaneous new iral signature at the 
already defined radius. Torsion will be 
reset to 0 in the data fde. A 1 will appear 
in the 'reset' column of the data file when 
this button is pressed. It is important to 
know when you have reset the iral 
signature . 
It is ok to adjust the scale of the 
cross correlation Window, or the eye 
movement traces window during 
processing. 
These sliding scales can be used to 
restrict the size of window in which the 
pupil is sought Useful if the pupil· 
grabbing box sometimes jumps away 
from the pupil to areas near, but not 
touching, the edge of the Vvindow. The 
area 1n which the pupil is sought can be 
narrowed to make these areas touch the 
edge so that they can no longer be 
captured. 
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Interaction of Maintained Galvanic Vestibular Stimulation 
and Linear Acceleration on Human Ocular Torsion 
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APPENDIX A4: Conference and Seminar Presentations A122 
MacDougall, H. G. (2002). Clinical applications of Galvanic Vestibular Stimulation.: 
Seminar presented at the Eye and Ear Research Unit, Neurology Dept. , Royal Prince 
Alfred Hospital. NSW, AUSTRALIA. 
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MacDougall, H. G. (2002). Analysis of the human eye-movement response to maintained 
surface galvanic vestibular stimulation. Seminar presented at the Departments of 
Otolaryngology-HNS, Biomedical Engineering, & Neuroscience Johns Hopkins 
University. Baltimore, MD, USA 
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Kim, J., MacDougall, H. G. (November 12, 2002). Horizontal eye-movement response 
patterns of guinea pigs and humans to surface galvanic vestibular stimulation (GVS) 
and long-duration angular acceleration: A comparative study. Poster presented at The 
4th annual Post-graduate Conference for the School of Psychology, Sydney 
University, Sydney, N.S.W. AUSTRALIA. 
Horizontal eye movement responses of guinea pigs and humans to surface 
galvanic vestibular stimulation (GVS) and maintained angular acceleration. 
Juno Kim, Hamish G. MacDougall, & Stephen L. Hicks 
Introduction. Constant-current rur&ce GVS has been shown to induce 
eye movements in both h\Ullans (MacDougall et al , 2002) wd gwnea 
pigs (Kim, 2000, abstract). Tonic changes m eye position were observed 
in guinea. ptgs, with no con..«istent nystagmus. In comparison, human 
<X.'tllar responses were dynamic, and had both a. to ruc component a.nd 
phastc nysta.gmus. In order to understand these differences, horizontal 
eye movement respon~cs in gtU!lea ptgs were compared wtth those 
obta.ined from humans dunng awnta.ined surfa.ce GVS, a.nd during 
'natural' stimulation by consta.nt angular acceleration (5° 'sec• 20° /sec'Z) 
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~Niii':Ornai(H P05)nyg:agrnus of thfltlt and t~tht tyfl 
lfldiK-' t:,'D(Sstcond)1 ~Apulwfdbl-"tul 
((WI Cant ClH"t'1l ~Ifact g•lv•n < ~tltlbulu 
A!ITIJia•en. 
-
.. I -- ..... ; ~ I ~;· , ~~· · 4 ~ 7 ~~ . . ' .. II I I 
: J I 
:; I I 
.., "'';..:. • • ~ J ... .:.,:,."" ........... "' olo J. .i. 
~ .;- -. . 
- \1 
~ ; ~~.......,...:a:.,u!V 
- -
""" ~ ' • • ,!. 1 \ ' .&. 
Flftllfl..lO. HOUZ:Of'l'lt• and Vtntcal III'IIIW• 
pl>lst-Y~OIOMO•nd~M"""'~OIO 
t1ghc3 rtsponsa.ltlt '>'• m~erntnt 
,.sponst.ln tll.lrt'latlt r,.,....inlpropol'tlot"ll 
tott'ltrntd WI gular w•~•u~ 10011111 
trtai(lnd!Jd t1f thtfut(b«~(ll'l'l S.fOtnd 
taabott.omttitwl 
,.,... fb. Atw ttmfttiHStbe.inf N dlaf\te tl 
... i' ... oll ....... ~(TOo~-ool(ll ... )"'d 
horllcnta (M P~poiiOOftofdMrttht~tn~d by 
S.O rnAconstarttQintn{ u1J(t tat..ll'it<"c«:tular 
~Jt)Cfl 00Sf'CC'4"16-.)d.ff._t:tbbfftall1~ 
•.aroct.nplauriSbtNndt..,ct.-stl t ftOtmaiNrr_.,. 
vo'.lntet.f, 
Rgtlte lb. Wurr'llln powon It'd v•loutt ~· 
~•mtnt tfSp<:ofiU'S lhOilr l·ttll ldfpotlon O'Vfll 
·~r·tsd S.Om~GI/So:>nM c..t~s. "l!UlSdfSP"ttht 
&dtpttUOfl durmg malf"-ilfltd ltln'W." th·non be 
'f'Sit.,.••oc:allr m•rup..lattd ~ tbnWiu1 d~o~rttJQn 
.... ;. ;. .:. 
---
~ ............... ~······· ··'"·" ...... - ............. .:!. .... ._ .......... . .. .. .. .. . .. ... ..:..  " "' ........ "".:1. .. ... . .. . _: ;.• • • ... . 
Discusoion. In gumea pigs, bilateral surface GVS (I rnA) mwced eye movc:ments within the 
h0<1%0ntal and vert!~ planes, wruch were c/ul:lleto!l2ed by torue :hang<:SII'I f'OS1tiOn duected 
toWard the anode, w1th no consiStent nystagmus (figure la). !u the same 11'\tenStty, consiStent 
phaste changes 1n horuontal and tomona! eye po>mon were 1ncli<"d 1n hJnum, seen tn the 
generation of rap;d dow-fast pha$e nysbgm.;s (6gur< I b). 
ThiS gam of the eye movement response tn gu:nea pigs appeared to :odapt a">Cr conse:u~ 
stll'ruti of GVS (figu" 2>). 1n ecntrasr to hum>.ns (figure 2b). Ths also appeared to be the 
e ... wnng 1TWnt..1ned angular acceleratton; In gumea ptgs, horaontal slow-phase eye velOCity 
did nee appear to 1nereav. linearly With the mtenSlty of angu!ar aecdeutton (see figure 3>). In 
contrast, hul!UI'\s appeared to respond 'inearly Wlth :nereas.:d 1n:en11ty of angular •·xderatJ<>n 
(see figure 3b). 
These differences rruty be modulated 
by central vestibular o.dap121:10n 
occurnng in guinea p1gs wrir.g GVS 
and nall.lrally ckb="d sbrn.Jiatton, 
which ~s net appear to be the case 
m humans. Hence, any dau obuined 
from tesoarch usmg gumea pigs to 
model the vo:rttbular responses of 
humans rnJst be treated Wlth care 
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